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Preface 


In the past decade greater emphasis has been placed on investigation of the human 
male gamete. As a consequence many unique and revealing characteristics have 
been identified; providing greater insight and understanding regarding human 
sperm production, maturation, and function. However, there has not been a com- 
prehensive book on these topics published for more than 8 years. The focus of this 
book will be on the human and where data is lacking non-human animal species 
will be substituted to serve as representative example. 

The composition of the spermatozoon, always regarded as critical for success- 
ful fertilization, has gained even greater significance in the events post-fertilization. 
The fidelity of the genome in its composition and construction are known to 
significantly influence fertilization, embryogenesis and live birth. Several contribu- 
tions to this book elegantly detail the overt and more subtle characteristics of both 
the competent and dysfunctional sperm genome complex. 

Historically, the spermatozoon has somewhat been viewed as a typical single cell; 
meaning that its membranes, organelles and metabolic activities are all connected. 
Emerging data clearly demonstrates the uniqueness of the spermatozoon in that 
discrete compartments can be identified whose physiology and biochemistry are 
separable. Several of the chapters herein offer intriguing revelations in this regard. 

The yin and yang image that forms the central core of the micrograph on the 
front of this book serves as a symbolic reflection of the book’s subtitle: production, 
maturation, fertilization, regeneration. Indeed, the genomic and proteomic eras 
have heralded a new age for investigation of the spermatozoon and amazing results 
are being found. The ultimate chapter in this book details of how sperm are born 
and, yes, can be reborn from embryonic stem cell precursors. 

It is our hope that this dynamic volume will serve as a cornerstone resource for 
all students and research workers whether new to the field or experienced. We 
believe it will serve as a key resource for and a reflection of the outstanding invig- 
orated research activity taking place in this exciting field. 
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Mammalian spermatogenesis and sperm 
structure: anatomical and compartmental 
analysis 


Peter Sutovsky'? and Gaurishankar Manandhar! 
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Detailed theoretical analysis, using mathematical modeling, reveals that sex is a very 
inefficient way of reproducing. The inefficiency lies in making male offspring. In the 
majority of sexual species, only the female contributes energy and resources to the young. 
In contrast the males rarely contribute more than the minimum-a tiny sperm carrying 
genes, but devoid of other resources. 
The Evolution of Life, edited by Linda Gamlin and Gail Vanes, Oxford University Press, New York, 1987 


1.1 Introduction 


What is said above argues that the male contribution at fertilization is restricted to 
one half of future embryonic chromosomes. Although inspired by general percep- 
tion and often perpetuated by popular science, this assumption is incorrect. Besides 
being a launching pad for the remaining chapters of this tome, the goal of the pres- 
ent chapter is to demonstrate that the male germ cell, the spermatozoon, is well 
suited to make other important contributions to the zygote and embryo. Studying 
spermatogenesis allows us to show how the unique, paternally contributed resources 
are generated during the intricate and fascinating process of spermatogenesis. In a 
show of male vanity, we decided to take a somewhat unconventional approach to 
this treatise on spermatogenesis and sperm structure by putting the emphasis of 
paternal contributions made at fertilization. We thus focus mainly on the later 
stages of spermatogenesis, during which the haploid, somatic-cell like round sper- 
matid is transformed into a specialized, nearly cytoplasm-free spermatozoon capa- 
ble of acquiring progressive motility and fertilizing an ovum in the oviductal 
environment. During the ensuing fertilization and zygote development, the seem- 
ingly stripped-down spermatozoon contributes not only the paternal chromo- 
somes, but also a centrosome, perinuclear material and perhaps even messenger 


Figure 1.1 
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ribonucleic acid (mRNA) to the zygote, and triggers oocyte activation, thus activat- 
ing the maternal resources stored in the ooplasm. The differentiation of male and 
female germ cells results in the production of gametes that carry a reciprocal, non- 
overlapping complement of unique organelles and molecules not found in any 
other cell type. The purpose of selective elimination of certain cellular organelles 
and of the adaptation of other organelles during gametogenesis is to form two com- 
patible cells with complementary endowments that, when brought together at fer- 
tilization, give rise to a zygote capable of developing into a new individual. Thus, the 
oocyte multiplies its cytoplasmic volume to accommodate a stockpile of mRNAs, 
proteins and other molecules required for zygote survival prior to oocyte-to-embryo 
transition and full activation of embryonic genome. The spermatozoon, in contrast, 
forfeits most of its cytoplasm and organelles to transform into a motile cell capable 
of surviving and functioning outside of the male reproductive system (Fig. 1.1). 


a b c e £ g 4 
Uns Nat, Leben des Menjchen, Franch’ jhe Verlagsbucdhandlung, Stuttgart 
Abb. 19. 


Illustration from an early 20th century book showing the comparison of cell size of a 
spermatozoon with that of an oocyte. The differentiation of male and female germ cells 
results in the production of gametes, highly specialized cells with unique features not found 
in any other cell type. The purpose of selective elimination of certain cellular organelles and 
of the adaptation of other organelles is to form two cells with complementary endowments 
that, when brought together at fertilization, give rise to a zygote capable of developing into 
a new individual. From Wolf F (1928) 


3 Mammalian spermatogenesis and sperm structure 


Given the format and space limitations, this chapter is not intended to provide 
exhaustive information on mammalian spermatogenesis and sperm structure. For 
this purpose, we would like to refer the readers to a number of excellent monogra- 
phies on this topic (e.g. Fawcett, 1975; Barth and Oko, 1989; Russell et al., 1990; 
Hess and Moore, 1993; de Kretser and Kerr, 1994). 


1.2 Structure and function of mammalian spermatozoon 


To fully appreciate the mechanism of sperm biogenesis (i.e. spermatogenesis and 
spermiogenesis), it is important to briefly review the subcellular structure and 
function of the mammalian spermatozoon (reviewed by Fawcett, 1975). The sper- 
matozoon (Fig. 1.2) is composed of a sperm head and sperm tail or flagellum. 
Both sperm head and sperm tail are covered by sperm plasma membrane, or plas- 
malemma. The rodent sperm head is hook-shaped (falciform), while ungulate, 
carnivore and primate sperm heads are spatula-shaped (spatulate). A major distinc- 
tion between ungulate and rodent spermatozoon is the complete absence of a sperm 
centrosome and centrioles in the rodents, as opposed to a reduced form of centrosome 
with a single proximal centriole in the ungulates. As described below, all eutherian 
mammals share the other general features of the sperm head and sperm tail. 


1.2.1 Sperm head 
Progressing from inside-out, the sperm head is composed of a nucleus, in which 
the deoxyribonucleic acid (DNA) condensing core and linker histones have been 
partially replaced during spermiogenesis by protamines, positively charged DNA 
proteins that convey the hypercondensation of the sperm nucleus into a compact, 
hydrodynamic shape permissive of sperm motility and sperm penetration through 
egg vestments (Brewer et al., 2002; Dadoune, 2003). The nucleus is covered by a 
reduced nuclear envelope (NE), from which the nuclear pore complexes (NPC) 
have been removed during spermiogenesis, except for some redundant NEs with 
NPC found in some species at the base of the sperm nucleus (Ho and Suarez, 
2003). Protection is afforded to the sperm nucleus by the perinuclear theca (PT), 
sometimes referred to as ‘perinuclear matrix, forming a rigid shell composed of 
disulfide bond-stabilized structural proteins amalgamated with various other pro- 
tein molecules (Oko, 1995), some of which function in cell signaling once they are 
released by PT dissolution into oocyte cytoplasm at fertilization (Sutovsky et al., 
2003). Sperm PT can be divided into three segments that mirror three major 
segments of the sperm head and serve unique functions during fertilization: 
(1) Subacrosomal layer underlies the acrosomal segment of the sperm head 
and functions to anchor the acrosome, a Golgi-derived vesicle that forms a 
cap on the proximal hemisphere of the sperm head and harbors proteases and 
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receptors required for sperm interaction with the zona pellucida of the oocyte. 
The inner and outer acrosomal membranes (IAM and OAM, respectively) are 
recognized, holding inside a dense acrosomal matrix containing the aforemen- 
tioned proteases necessary for digesting a fertilization slit in the zona pellucida 
(ZP) (reviewed by Gerton, 2002; Yoshinaga and Toshimori, 2003). The subacro- 
somal PT is fused with the IAM and probably stabilizes receptor molecules on 
the IAM that are necessary for secondary binding of the sperm head to egg zona 
pellucida after acrosomal exocytosis. At fertilization, the IAM remains patent 
while the OAM is lost to vesiculation during acrosomal exocytosis induced by 
the binding of sperm plasmalemma/OAM complex to the ZP3 protein, the 
sperm receptor on egg zona pellucida (Fig. 1.2). 


Figure 1.2 Fine structure of the mammalian spermatozoon. (A) Undulated sperm membranes after 
processing for transmission electron microscopy reveal fine structure of the mammalian 
sperm head in this sagittal section spanning all of equatorial segment (ES) and parts of 
the acrosomal region (AC) and postacrosomal sheath (PAS). Sperm head is covered by a 
plasma membrane (pm). In the AC, pm is closely associated with oam forming the 
acrosomal cap with acrosomal matrix (am) overlying the iam. The narrow space 
between the jam and ne in the AC, and between the pm and ne in all other segments of 
the sperm heads is occupied by PT, shown here in the post acrosomal sheath (pas-pt). 
Sperm nucleus (n) spans all three segments of the sperm head. (B-G) Cross-sections 
and longitudinal sections of the sperm tail connecting piece (B, E), midpiece (C, F) and 
principal piece (D, G). Connecting piece (B, E) harbors the proximal centriole (E; *) 
composed of nine microtubule triplets (B; arrowhead) and the empty vault (v) left after 
the degradation of the distal centriole during spermiogenesis. Neither centriole would 
be present in a cross-section of mouse spermatozoon, in which both centrioles are 
degraded during spermiogenesis. The proximal centriole is caged in the striated 
columns (sc) a direct continuation of outer dense fibers (odf) paralleled by peripheral 
microtubule doublets (pd) of the flagellar axoneme centered around a central pair (cp) of 
microtubules. This connecting piece structure is covered by redundant nuclear envelopes 
(rne) found proximally of the first mitochondria (mi) of the mitochondrial sheath. The 
midpiece (C, F) is wrapped in a helix of sperm mi covering the axoneme composed of 
nine odf, nine peripheral microtubule doublets (pd) and one central pair of microtubules 
(cp). This axonemal arrangement is retained distally in the principal piece (D, G) wherein 
it is covered by the fibrous sheath composed of two longitudinal columns (* in D) 
that run parallel to odf #3 and #8, as numbered counterclockwise in D. Longitudinal 
columns are interconnected by paired transversal ribs (tr) throughout the length of fibrous 
sheath. All sperm tail segments are covered by plasma membrane (pm). Sperm tail is 
connected to sperm head midpiece by the basal plate (bp) of the implantation fossa. 

(H) General structure of the spermatozoon is divided into five major parts: Sperm head 
(SH), and sperm tail connecting piece (CP), midpiece (MP), principal piece (PP) and end 
piece (EP) 
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(2) Equatorial segment is a folded-over complex of PT, OAM and IAM, that car- 
ries receptor molecules involved in the initial binding of the sperm head to egg 
plasma membrane, oolemma, once the fertilizing spermatozoon penetrates 
through the ZP and reaches the perivitelline space. Putative receptor 
molecules involved in sperm—oolemma binding, such as equatorin/MN9 
(Toshimori et al., 1992) are present in this region. 

(3) Postacrosomal sheath (PAS) of the sperm PT is believed to harbor a complex 
of signaling proteins collectively referred to as SOAK, or the sperm borne, 
oocyte activating factors (reviewed by Sutovsky et al., 2003). After sperm head 
fusion with the oolemma, some of the SOAF molecules disperse across the 
ooplasm to trigger the signaling pathway leading to oocyte activation and 
initiation of zygotic development, while other PAS-released molecules may 
remain associated with the sperm nucleus as it is transformed into a male 
pronucleus. 


1.2.2 Sperm flagellum 

The sperm tail or flagellum provides a motile force for the spermatozoon, which is 
based upon a unique 9 + 2 arrangement of microtubules within the sperm flagellar 
axoneme. The 9 + 2 arrangement refers to nine peripheral, symmetrically arranged 
microtubule doublets connected doublet-to-doublet by dynein arms and to the sheath 
of central pair of microtubules by radial spokes. The outer doublets, but not the 
central pair, are paralleled by nine outer dense fibers that provide flexible, yet firm 
support during flagellar movement. Topologically, the sperm tail can be divided into 
four major segments that share a common innermost structure of the microtubule- 
based axoneme paralleled by nine outer dense fibers, but differ in their external 
substructure. Progressing from proximal to distal end, these segments include: 

(1) Connecting piece is composed of nine striated or segmented columns that are 
a direct continuation of the outer dense fibers in the other flagellar segments. 
Caged inside these nine columns is the dense mass of capitulum, which in 
most mammals, except rodents, contains the sperm (proximal) centriole, a 
remnant of the bi-centriolar centrosome found in early haploid spermatogenic 
cells. As we will discuss below, the complete degradation of both centrioles dur- 
ing spermiogenesis distinguishes rodents from ungulates, carnivores and pri- 
mates. The basal plate provides the connection between the proximal terminus 
of the connecting piece and the implantation fossa of the sperm head. 

(2) Midpiece is covered by the mitochondrial sheath in form of a helix of approxi- 
mately 75-100 sperm mitochondria, which generate the energy for sperm 
flagellar motility. Each sperm mitochondrion carries multiple copies of the 
paternal mitochondrial genome. For reasons perhaps related to mutagenic 
oxidative stress encountered by the maturing and fertilization spermatozoon, 
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these paternal mitochondria with paternal mitochondrial DNA (mtDNA) 
appear to be eliminated by targeted proteolysis inside the fertilized ovum 
(reviewed by Sutovsky et al., 2004b). 

Principal piece is separated from the midpiece by the annulus or Jensen’s ring, 


— 
OS 
wa 


a traverse ring of dense material found distal to the mitochondrial sheath. The 
principal piece is covered by the protective scaffold of fibrous sheath, composed 
of two longitudinal columns running parallel to outer dense fibers three and 
eight (see Fig. 1.2D), connected on both sides by a series of transverse ribs. The 
fibrous sheath provides support for the sperm axoneme. At the same time, pro- 
teins within the fibrous sheath seem to sequester protein kinases necessary for 
the process of sperm capacitation and hyperactivation prior to fertilization 
(Eddy et al., 2003). 

(4) End piece contains axonemal doublets and the ends of outer dense fibers and 
fibrous sheath. 


1.3 Spermatogenesis 


The purpose of spermatogenesis is to establish and maintain daily output of fully 
differentiated spermatozoa that in eutherian mammals ranges from >200 million 
in man to 2-3 billion in bull. This massive sperm production requires the unique 
architecture of the seminiferous epithelium, a self-contained system that is well- 
isolated from the blood stream, allowing only selective uptake of paracrine factors. 
Also unique to the reproductive system and germ line is that it is relatively quies- 
cent and not fully differentiated prior to the onset of puberty. 


1.3.1 Germ cell migration and establishment of seminiferous epithelium 
The foundation of spermatogenesis is laid as early as day 7.5 post coitum in the 
mouse. At this time, the primordial germ cells (PGC) begin their migration from 
epiblast to the hind gut (Clark and Eddy, 1975). Once the PGCs colonize the genital 
ridge, they begin forming seminiferous cords that will eventually give rise to semi- 
niferous tubules (Byskov and Héyer, 1994). In a fully differentiated testis, 12—20 
seminiferous tubules form loops with both ends anchored in the rete testis of the 
testicular mediastinum. Coincident with mitotic arrest at birth, the PGCs within 
the seminiferous tubules became the non-proliferative A-type spermatogonia that 
are mitotically quiescent until the peri-pubertal period (Fig. 1.3). At that time, the 
increased production of gonadotropic hormones induces a massive mitotic prolif- 
eration of A-type spermatogonia, paralleled by testicular descent and the differenti- 
ation of A-type spermatogonia into B-type spermatogonia competent to enter 
meiosis. To sustain sperm production, spermatogenic stem cells undergo perpetual 
renewal. Thus an A-type spermatogonium could commit either to renewal or to 


Figure 1.3 
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Developmental, histological and ultrastructural study of spermatogenesis in the rhesus 
monkey. Fetal testis (A, B, E) shows large proportion of stromal cells and small seminiferous 
tubules harboring mostly spermatogonia (SG), occasional pre-leptotene spermatocytes (SC) 
and few Sertoli cells. Juvenile testis (C, F, G) contains enlarged seminiferous tubules with 
occasional preleptotene spermatocytes (F, G) surrounded by SG and Sertoli cells (G, SE). 
Adult testis shows large seminiferous tubules with all stages of spermatogenic cycle (D) 
including the haploid spermatids (H). Panels A-D represent testicular tissue sections stained 
with DNA-binding fluorochrome DAPI and viewed in epifluorescence microscope. Panels 
E-H represent ultra-thin sections examined by transmission electron microscope. Necropsy 
tissue specimens courtesy of Oregon National Primate Research Center, Beaverton, OR 
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differentiation. Continuous production of spermatozoa is maintained throughout 
the reproductive lifespan of eutherian mammals roughly at the rate of hundreds of 
millions per day. Such a massive proliferation and differentiation requires a 
certain degree of quality control that may be assured by programmed cell death, or 
apoptosis (Sinha-Hikim and Swerdloff, 1999). 


1.3.2 Architecture of the seminiferous epithelium and blood-testis barrier 

Unique architecture of the seminiferous tubule affords the seminiferous epithelium 
with both the influx of necessary nutrients and a relative autonomy from the body’s 
immune defense, maintained by blood-testis barrier. Progressing from the outer 
diameter of the seminiferous tubule, enveloped in a basement membrane (BM), we 
observe A-type spermatogonia adjacent intimately to the BM, and B-type sper- 
matogonia that sometime show only a small area of contact with the BM. This com- 
partment also contains the basal pole of Sertoli cells and is referred to as the basal 
compartment. Moving towards the lumen, primary spermatocytes penetrate the 
blood-testis barrier formed by diverse cell-cell junctions between adjacent cyto- 
plasmic projections of Sertoli cells (Johnson and Boekelheide, 2002a, b) and enter 
the adluminal compartment in which meiosis and spermiogenesis occur. This selec- 
tive, semi-permeable barrier prevents immune system cells from infiltrating the 
lumen of seminiferous epithelium, which is considered an immune privileged site. 
Such an arrangement prevents the coating of highly antigenic sperm surface with 
antibodies that could hinder their function during sperm maturation, transit and 
fertilization. 


1.3.3  Spermatogenic cycle of seminiferous epithelium 
The cycle of seminiferous epithelium refers to synchronous evolution of one stage 
of spermatogenesis to the next (Barth and Oko, 1989), or a complete, ordered series 
of cell associations, stages, which occur in a given segment of a seminiferous epithe- 
lium over time (Russell et al., 1990). Segment refers to a portion of seminiferous 
tubule occupied by one such association. Based on the type of spermatogenic cells 
present on a single cross-section of the seminiferous tubule at a given stage of the 
cycle of seminiferous epithelium (Fig. 1.4), individual authors recognize between 
12-14 stages of seminiferous epithelium in rodents, 8 stages in carnivores, 12 stages 
in ungulates and 6—12 stages in primates. In human testis, six stages are recognized 
and in contrast to most animals, up to three distinct stages can be observed within 
the same cross-section of a human seminiferous tubule. Demarcation lines can be 
drawn to divide each cross-section into three distinct wedges, each containing one 
cellular association corresponding to one step of spermatogenesis. Roman numerals 
I-VI (I-XIV in other species) are assigned to these stages. Barth and Oko (1989) 
recognize four distinct types of A-spermatogonia (Ag, A;, A2, A3), one intermediate 
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Figure 1.4 Cycle of the seminiferous epithelium. Mouse is shown as an example. Each of the 
12 stages (I-XII) is characterized by unique association of diploid and haploid cells 
progressing from the circumference of the circle, representing the basal compartment, 
towards its center, representing the adluminal compartment of the seminiferous tubule 
cross-section. A = A-type SG; | = intermediate type SG; B = B-type SG; PI = pre-leptotene 
spermatocytes; L = leptotene spermatocytes; Z = zygotene spermatocytes; P = pachytene 
spermatocytes; D = diplotene; M = meiotic, dividing spermatocytes with fully condensed 
chromosomes. Arabic numerals 1-16 refer to steps 1-16 of spermiogenesis in haploid 
cells, spermatids. It is assumed that renewing spermatogenic stem cells are present at 
all stages depicted here. The time length of different stages varies from species to 
species, for example ranging from 7 hours (stages IX, X, XI) to 58 hours (stage VII) in rat 
(Russell et al., 1990) 
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type and two B-types (B, and B,). Spermatocytes are dividend into preleptotene, 
leptotene, zygotene and pachytene primary spermatocytes, and secondary spermato- 
cytes. This division is based on the position of spermatocytes within the seminiferous 
tubules and on the progression of meiotic prophase, as reflected by the presence of 
heterochromatin and synaptonemal complexes in sperm nuclei. The haploid stage of 
spermatogenesis is further divided into 14-19 steps, characterized by the advance- 
ment of sperm accessory structure biogenesis and progressive shedding of the 
redundant spermatogenic cytoplasm. At each given stage of spermatogenesis, a pre- 
cisely defined association of haploid and diploid spermatogenic cells is present in a 
given cross-section of seminiferous tubule. For example, at stage VI of the spermato- 
genic cell cycle, the presence of B-type spermatogonia is associated with pachytene 
spermatocytes, step 6 round spermatids and step 15 elongating spermatids in 
mouse. To facilitate the recognition of individual stages, it is worth pointing that in 
mouse, stages II-VIII contain five different cell types including a spermatid of step 
1-7 and an elongated spermatid of step 13—16. At the same time, stages I and IX-XII 
contain only four cell types including spermatogonia, spermatocytes and elongating 
spermatids (Fig. 1.4). Detailed description of seminiferous epithelium staging in 
mouse, rat and dog can be found in Russell et al. (1990). Bull spermatogenesis, in 
which stages I-VI contain five different cell types and stages VII-XII four cell types, 
is depicted in Barth and Oko (1989). 

The unique architecture of seminiferous epithelium, based on the succession of 
spermatogonia, spermatocytes and spermatids from BM toward the lumen of sem- 
iniferous tubule is established in a stepwise manner during postnatal development. 
Subsequently, we can only find Sertoli cells, spermatogonia and preleptotene sper- 
matocytes in a newborn mammal. Advanced spermatocytes (leptotene, zygotene, 
pachytene and dividing ones) and spermatids appear in the peri-pubertal and adult 
testis only (see Fig. 1.3). Such a succession greatly facilitates developmental expres- 
sion profiling of sperm proteins. For example, in order to learn at which stage of 
spermatogenesis a particular protein is present, it would be necessary to harvest 
proteins or mRNAs from all appropriate stages of spermatogenic cell development. 
Instead of using labor intensive separation of individual spermatogenic cell types 
from an adult testis, one can simply harvest testicular tissue from young rodent ani- 
mals at each week after birth up to day 35-42 and examine by subtractive analysis 
when the mRNA or protein in question first appears in the total testicular cell lysate 
by Southern blotting, hybridization in situ or Western blotting, respectively. 


1.3.4 Spermatogenic wave of seminiferous epithelium 


The wave of the seminiferous epithelium can be defined as the arrangement of 
the successive stages of cycle along the length of the seminiferous tubule. The 
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progression of the spermatogenic cycle of the seminiferous epithelium is not syn- 
chronized along the length of the seminiferous tubule, but rather is distributed in 
distinct waves because each seminiferous tubule is a loop with both ends open to 
the rete testis. At each end, the order of segments starts at the highest stage and 
descends to stage I. Hence, the two descending orders have to meet somewhere in 
the middle of the loop. For example, if we start at in the segment of tubule display- 
ing stage XII, the next stage along the length of tubule will be stage XI, then X, IX, 
etc., until we reach a cross-section displaying stage I. From this point, the stages will 
repeat this descending order starting by stage XII. However, this general rule is 
reversed in specific segments of seminiferous tubule in which the modulation of the 
wave occurs. This means that within the modulation segment, a stage of seminifer- 
ous tubule is flanked by stages of one order-up on both sides (e.g. XII, XI, X, XI, XII 
instead of XII, XI, X, IX, VIII). This assures an even distribution of all stages 
throughout the seminiferous epithelium and an uninterrupted, stable daily output 
of fully differentiated testicular spermatozoa. 


1.3.5 Proliferative and meiotic phase of spermatogenesis 


Spermatogenesis requires continuous differentiation and renewal of male germ 
cells. Successive mitotic divisions of the spermatogenic stem cells and spermatogo- 
nia, referred to as proliferative phase, assure renewal. This implies two distinct fates 
for a germ cell: either it undergoes mitosis to duplicate itself, or it enters meiosis to 
reduce in half its chromosomal complement and to differentiate into a spermato- 
zoon. This later phase is referred to as the meiotic phase. Temporally, these two 
phases can either be viewed as concomitant (renewal and differentiation occurs at 
the same time within each segment of seminiferous tubule containing an associa- 
tion of four or five distinct germ cell types), or sequential (in time, proliferative 
phase is followed by meiotic phase in each individual germ cell). Spatially, the pro- 
liferative phase occurs in the nutrient rich basal compartment, while the differen- 
tiating cells within the adluminal compartment are sheltered from immune defense 
by the blood-testis barrier. 


1.3.6 Haploid phase of spermatogenesis: spermiogenesis and spermiation 


Haploid phase stands out within the context of spermatogenesis because this is 
when the somatic-cell like germ cells acquire unique sperm accessory structures 
that are necessary for the detachment of these cells from the seminiferous tubules, 
acquisition of fertilizing potential, transit through the female reproductive tract and 
fertilization of the oocyte. This last part of spermatogenesis can be divided into 
spermiogenesis, or spermatid elongation phase, during which the haploid spermatid 
generates sperm accessory structures, and spermiation, a process during which the 
remnants of germ cell cytoplasm are rejected and the fully differentiated spermatozoa 
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detach from the seminiferous epithelium. Based on the biogenesis of individual 
sperm accessory structures and on the progression of sperm nuclear condensation, 
spermiogenesis can be divided into distinct steps, recognized by Arabic numerals. 
Individual authors distinguish up to 19 steps in rat, 16 steps in mouse, 14 steps in 
ungulates and in primates, and 12 steps in carnivores. Based on acrosomal biogen- 
esis, Oko and Barth (1989) divide bull spermiogenesis into Golgi phase (step 1-3), 
acrosomal cap phase (step 4-7), acrosome phase (step 8-12) and maturation phase 
(steps 13 and 14). 

During spermiogenesis, a somatic cell-like, but haploid round spermatid trans- 
forms into a highly specialized spermatozoon capable of acquiring progressive 
motility after epididymal sperm maturation and fertilizing potential after inter- 
acting with oviductal fluid and epithelia. Such an extensive remodeling process 
requires that the biogenesis of novel, transient or permanent accessory structures be 
synchronized with the remodeling, reduction or complete degradation of select 
spermatid organelles. This requires transcription, translation and post-translational 
modification of many constitutive and germ cell-specific gene products during the 
last outburst of transcriptional and translational activity during the early steps of 
spermiogenesis (Kleene et al., 1993; Eddy, 2002; Dadoune et al., 2004). At the 
organelle level, the formation of sperm accessory structures includes the derivation 
of acrosomal cap/acrosome from the Golgi (Moreno et al., 2000), the amalgamation 
of spermatid cytosol into sperm head skeleton, the PT (Oko, 1995), and the forma- 
tion of the sperm axoneme with outer dense fibers and fibrous sheath (Oko, 1998). 
Sperm head shaping and sperm nuclear hypercondensation are achieved by the 
removal of histones, which includes their sequential displacement by transitional 
proteins and replacement by protamines (Meistrich et al., 2003). Concomitantly, the 
spermatid centrosome, composed of two perpendicularly apposed centrioles and a 
halo of microtubule-nucleating pericentriolar material, is reduced to a single, prox- 
imal centriole of a mature spermatozoon, embedded in a dense mass of capitulum 
(Sutovsky et al., 1999a). This is achieved by the degradation of the distal centriole 
once it helps growing the axonemal microtubule doublets (Manandhar et al., 
1998). In mouse, both the proximal and the distal centrioles are degraded during 
spermatogenesis (Manandhar et al., 1998). Approximately one half of spermatid 
mitochondria are rejected during spermiogenesis while the other half acquires a 
reinforced outer mitochondrial membrane, the mitochondrial capsule (Cataldo 
et al., 1996), and are rearranged into a helical mitochondrial sheath. Similar to 
centrosome and mitochondria, the sperm NE is reduced rather than completely 
removed during spermiogenesis, as its NPC are removed during spermatid elonga- 
tion (Sutovsky et al., 1999b). 

Hardly could a more befitting description be found for the process of spermio- 
genesis than the epitome Construction for the sake of destruction (Glickman and 
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Chiechanover, 2002), providing a title of extensive review of the proteolytic ubiqui- 
tin system. During spermiogenesis, many organelles and proteins are recycled to 
provide space and building blocks for the developing sperm accessory structures. 
Ubiquitin-dependent proteolysis is indeed central to the process of spermiogenesis. 
Ubiquitin is an evolutionarily conserved chaperone protein that binds covalently to 

other proteins to mark them for proteolytic degradation by the 26 S proteasome, a 

multi-subunit protease. Ubiquitin-substrate ligation and subsequent formation of 

multi-ubiquitin chains are catalyzed by ubiquitin activating enzyme E1, ubiquitin 
carrier E2 and a variety of substrate-specific ubiquitin ligases (E3 and E4 enzymes). 

Proteasomal degradation of the ubiquitinated substrate is paralleled by the release 

of polyubiquitin chains from which monoubiquitin is regenerated by ubiquitin 

C-terminal hydrolases. Ubiquitin system and proteasomal subunits are expressed at 

all stages in the male germ cell line (Agell and Mezquita, 1988; Wing et al., 1996; 

Baarends et al., 1999; Wojcik et al., 2000). In particular, ubiquitination and protea- 

somal degradation is instrumental in spermatid elongation (Kierszenbaum, 2002; 

Escalier et al., 2003), as also illustrated by ubiquitin-C promoter driven expression 

of green fluorescence protein in the transgenic mouse testis (Color plate 1E). 

Genetic ablation of ubiquitin-system enzymes at this phase of spermatogenesis 

results in male infertility (Baarends et al., 2003; Escalier et al., 2003; Kwon et al., 

2003). Known ubiquitinated spermatid substrates include histones H2A and H3 

(Chen et al., 1998; Baarends et al., 1999), which are degraded after being replaced in 

the spermatid nucleus by protamines. Ubiquitination of the sperm mitochondrial 

membrane protein prohibitin (Thompson et al., 2003) may serve as a recognition 
signal for the degradation of paternal mitochondria after fertilization. Other likely 
ubiquitin-substrates at this stage are nucleolar ribonucleoproteins and NPC proteins, 
nucleoporins that are removed from the spermatid NE (Sutovsky et al., 1999b). 

Some unique structures and molecules appear transiently during spermiogene- 
sis and disappear once the spermatozoon is fully differentiated. These include: 

(1) Transitional proteins (TP1, TP2) that are intermediate DNA binding proteins 
during histone-protamine exchange in spermatid nucleus (Meistrich 
et al., 2003). 

(2) Pro-acrosomal granules that are produced by the Golgi at step 1-3 of spermio- 
genesis and eventually docked to the apical surface of the sperm nucleus to form 
the nascent acrosomal granule and later acrosomal cap (Fig. 1.5). 

(3) Caudal manchette (Plate 1A), a veil-like structure formed by microtubule 
nucleation around the nascent equatorial segment of step 7-12 spermatids 
(mouse). 

The manchette is thought to contribute a mechanical force shaping the spermatid 

nucleus into sperm nucleus and to shuttle newly synthesized proteins from the sper- 

matid cytoplasmic lobe to the PAS where they are deposited into PT. The nuage or 
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chromatoid body, a dense homogeneous mass of unknown function found within 
the cytoplasmic lobe. Both the manchette and the chromatoid body harbor protea- 
somes, and thus could be degradation or repository sites for proteins removed from 
spermatid nucleus and NE during spermatid elongation (Kierszenbaum, 2002; 
Haraguchi et al., 2005). 

Throughout the process of spermiogenesis, the germ cells remain associated with 
Sertoli cells via cell-cell junctions and with each other via cytoplasmic bridges. 
Spermiogenesis is concluded at spermiation, when fully differentiated spermatozoa 
detach from each other and from the apical surface of seminiferous epithelium and 
travel through the lumen of the seminiferous tubule to the rete testis (Guraya, 
1995). At this time, the cytoplasmic lobe is shed in the form of the residual body, 
leaving the last minute remnant of the spermatid cytoplasm, the cytoplasmic 
droplet (CD), wrapped around the sperm tail connecting piece. While the residual 
body is phagocytosed in the testis by Sertoli cells, the CD remains associated with 
the sperm tail connecting piece during sperm transit through rete testis and efferent 
ducts. This connecting piece-associated CD, composed mainly of Golgi-derived 
membranous vesicles and saccules (Oko et al., 1993), is termed the proximal CD. 
During epididymal sperm maturation and passage of spermatozoa from caput to 
corpus epididymis, the CD slides down the midpiece to stop at the annulus, at 
which time it is referred to as the distal CD (reviewed by Cooper and Yeung, 1993). 
In most mammals, the CD is shed by the time spermatozoa reach the cauda epi- 
didymis, or shortly after ejaculation. Domestic boar semen often contains a large 
proportion of spermatozoa with CD, an occurrence that has an adverse effect on 
boar fertility (Kuster et al., 2004). 


1.3.7 Regulation of spermatogenesis 


At the paracrine level, spermatogenesis is controlled by the secretion of hypothalamic 
gonadotropin releasing hormone (GnRH) that stimulates the secretion of follicle 
stimulating hormone (FSH) and luteinizing hormone (LH) from the pituitary gland 
(McLachlan, 2000). LH is though to be primarily responsible for stimulating the 
secretion of testosterone by Leydig cells located in the testicular stroma. Multiple 
intrinsic factor produced within the seminiferous epithelium (reviewed by Lacham- 
Kaplan, 2004) include, for example, stem cell renewal and sustenance factors such as 
c-kit tyrosine kinase receptor and its ligand, the stem cell factor produced mainly in 
the PGCs and spermatogonia (Sette et al., 2000), tr-kit expressed in postmeiotic sper- 
matids (Rosi et al., 2000), BMP-4 (Ying and Zhao, 2001) and various transcription 
factors such as Creb/Crem (Don and Stelzer, 2004) and Oct3/4 (Yeom et al., 1996). 
With regard to quality control, DNA repair molecules including E3-type ubiquitin 
ligase Hr6B (Baarends et al., 2003), gonadotropin-regulated testicular ribonucleic 
acid (RNA) helicase GRTH/Ddx25 and DNA-repair protein Dmc1 (Tsai-Morris 
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Figure 1.5 Biogenesis of the sperm accessory structures during spermiogenesis. Ultrathin sections of 
rhesus monkey (A-G) and bull (H-L) testis were examined under transmission electron 
microscope. (A, B) Floating and indented forms of acrosomal cap (arrows) in step 5-6 
spermatids. Dark layer under the cap (arrowheads) is the nascent subacrosomal PT. 

(C) Implantation of the nascent sperm tail (arrowheads) at the posterior pole of a step 7 
spermatid nucleus. (D) Chromatin condensation in step 9-10 spermatid. Histone- 
protamine exchange is in progress at this step. (E) Acrosomal cap in step 3 spermatid. 
Acrosomal granule is not visible in this section capturing Golgi vesicles and stacks 
(arrowheads) from which the membranes of the cap are derived. (F) Cross-section of the 
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et al., 2004), and apoptotic regulators such as Bax, Bcl-2, Fas/ FasL and various cas- 
pases (Sinha-Hikim et al., 2003) are thought to be involved in spermatogenic qual- 
ity control and elimination of defective spermatogenic cells by apoptosis. In particular, 
bcl-w gene appears to have a role in somatic and germ cell survival in the testis but 
not in other tissues (Print et al., 1998). Molecular chaperones (e.g. Hsp 70; Eddy, 
1999) and substrate-specific proteases (26S proteasome) are prominently expressed 
in the testis (reviewed by Sutovsky, 2003). Cell—cell adhesion molecules that deter- 
mine cell polarity appear to be essential for normal spermiogenesis (Gliki et al., 2004). 
Novel genes are continually being implicated in the control of spermatogenesis, 
among them the Y-chromosome associated genes/regions such as RNA-binding motif 
(RBM) and deleted in azoospermia (DAZ) (Cooke, 1999; Reijo-Pera, 2000). 


1.3.8 Role of the testis in the sustenance of epididymal function 


The role of the testis in the control of epididymal function is central to our under- 
standing of the mechanism of sperm production and epididymal sperm matura- 
tion. After being shed from the seminiferous epithelium, testicular spermatozoa are 
transported through rete testis and efferent ducts into the initial segment of the caput 
epididymis. Sperm transport into and through the epididymis is facilitated by the 
pressure from sperm mass produced in the testis, active fluid secretion from Sertoli 
cells and rete testis cells, contractions within testicular capsule and the myoid layer 
of the seminiferous tubule in the testis, and by the movement of cilia on the ciliated 
epithelial cells of the efferent ducts (Ilio and Hess, 1994). The mammalian epi- 
didymis evolved as a means of sperm storage and sustenance, facilitating the acqui- 
sition of fertilizing potential by the spermatozoa, sperm maturation, completion 
of sperm morphogenesis and removal of the CD (Bedford, 1979). In addition to sperm 
production, the mammalian testis exerts control over the sustenance and function- 
ing of the epididymis. The lumicrine hypothesis (Hinton et al., 2000) postulates 
that testicular factors are necessary for the maintenance of normal epididymal 


Caption for fig. 1.5 (Cont.) nascent axoneme (arrowhead) with 9 + 2 doublets in a step 
6-7 spermatid. The ODF and fibrous sheath are not yet developed at this step. (G) Nascent 
connecting piece with prominent basal plate (arrowheads) and connecting piece structure 
(arrows) in a step 12 spermatid. Mitochondria (m) already began their migration to the 
site of future mitochondrial sheath. (H) Attachment of the proacrosomal granule (g) to 
the nuclear indentation in the step 3 spermatid nucleus. (I) Step 8 spermatid with a 
prominent acrosomal cap reaching near the equator of the spermatid nucleus. Note a 
flattened smooth ER cistern (arrowheads) adjacent to the outer face of acrosomal cap. (J) 
A centriole (arrow) in the cytoplasm of step 3-4 spermatid. This centriole will later serve 
as a nucleation center for the polymerization of axonemal microtubules. (K) Step 11 
spermatids. Uneven chromatin condensation may be a sign of testicular pathology. 

(L) Step 10 spermatid with a prominent caudal manchette (arrows) 
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structure and function. Control of epididymal function is exerted in part by andro- 
gens of testicular origin, and possibly by other, non-hormonal factors present in 
rete testicular fluid. This hypothesis was tested by orchidectomy, which removes 
testosterone and other factors of testicular origin, thus causing male infertility by 
changing the architecture of proximal epididymal epithelia (Cyr, 2001). In contrast, 
vasectomy does not alter the transmission of testis-secreted factors into epididymis 
and, apart from possible induction of anti-sperm antibodies, has lesser effect on 
testicular and epididymal function (Flickinger, 1982). 


1.4 Changes to sperm structure during fertilization 


The elaborate process of spermatogenesis and spermiogenesis, in particular, results 
in the formation of specialized sperm accessory structures that afford the sperma- 
tozoon its motility and protect it from the environment encountered during sperm 
transport through the female reproductive tract and interaction with egg vest- 
ments. To achieve motility, the spermatozoon must sacrifice most of its organelles 
and most of its cytoplasmic volume. In a complementary manner, the oocyte cyto- 
plasmic volume is multiplied, while some of the crucial components of cell cycle 
machinery are reduced to avoid pathological parthenogenetic development. 


1.4.1 Complementation of organelle reduction in male and female gametes 


The ultimate purpose of spermatogenesis is to generate a vehicle for the transmission 
of the paternal genome into the oocyte at fertilization. A remarkable mechanism is in 
place, based on complementary, reciprocal reduction of organelles that are necessary 
for the union of paternal and maternal genomes into one zygotic genome. Table 1.1 
summarizes the biogenesis of sperm accessory structures and their fate after fertil- 
ization (reviewed by Sutovsky and Schatten, 2000). The sperm surface membranes, 
including the plasma and acrosomal membranes are lost during sperm penetration 
through the oocyte zona pellucida and during sperm—egg fusion. The sperm PT dis- 
solves in the ooplasm to activate the oocyte. The smooth sperm NE is replaced by a 
new, maternally derived NE perforated with NPC. Sperm nuclear protamines are 
rapidly degraded and replaced by oocyte-derived histones. The zygotic centrosome is 
reconstituted from maternal centrosomal proteins around the sperm-contributed 
centriole. Finally, sperm mitochondria, axoneme and flagellar accessory structures 
are degraded during preimplantation development. 


1.4.2 Changes to sperm head structure during fertilization 


The sperm acrosome is lost to exocytosis upon binding to sperm receptor on the 
egg zona pellucida (ZP; Bleil and Wassarman, 1983; Gerton, 2002). Recent studies 
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indicate that zona penetration in mammalian fertilization might involve ubiquitin- 
proteasome system (Sutovsky et al., 2004a), as it is known to occur in Ascidians 
(Sawada et al., 2002). The outer face of the porcine oocyte zona pellucida contains 
ubiquitinated epitopes and the sperm acrosome possesses proteasomes (Sutovsky 
et al., 2004a). In somatic cells, the proteasomes degrade ubiquitinated proteins, a 
fundamental catabolic process that regulates a multitude of physiological processes 
such as the cell cycle, organelle degradation, signal transduction, etc. (reviewed 
by Glickman and Ciechanover, 2002). Diverse experimental evidence point out 
that proteasomes associated with the spermatozoa might interact and degrade the 
ubiquitinated substrates of the zona pellucida, thereby playing a crucial role in sperm 
ZP penetration. Anti-proteasomal antibodies and proteasomal inhibitors effectively 
block sperm penetration through the ZP but do not obstruct their acrosome 
reaction/exocytosis, zona binding or fusion with oolemma if the zona has been 
removed (Sutovsky et al., 2004a). 

The equatorial (posterior) acrosome is a narrow membranous fold (~45nm 
wide) surrounding the equatorial region of the sperm head. The composition of the 
equatorial acrosome is different from that of the anterior acrosome but is not 
yet fully characterized. One of the resident glycoproteins of equatorial acrosome is 
identified by monoclonal antibody MN9 as 38/48kDa bands in mouse sperm 
extracts. The putative glycoprotein named as equatorin, is synthesized in the early 
spermiogenesis and becomes confined in this organelle originating from the ante- 
rior bulbous part or the acrosomal granule (Toshimori et al., 1992). After acrosomal 
exocytosis, the upper edge is opened from where equatorin is expelled out, while 
some of it remains adsorbed on the outer face of the equatorial plasma membrane 
(Manandhar and Toshimori, 2001). After ZP penetration, spermatozoa possess 
equatorin on the equatorial plasma membrane. Hence equatorin is latent in the 
intact spermatozoa and expressed on the equatorial membranes at the time when 
they are ready to interact with the oolemma. It might either directly participate in 
sperm—oocyte membrane fusion or modify the putative fusion molecules of the 
equatorial plasma membrane making them functional. The antibody MN9 blocks 
in vitro and in vivo fertilization without affecting other sperm functions (Toshimori 
et al., 1998; Yoshinaga et al., 2001). The residual equatorial acrosome and equatorin 
are incorporated into the zygote after fertilization and are detectable until the two 
cell embryo stage (Manandhar and Toshimori, 2001). 


1.4.3 Sperm incorporation in the ooplasm, oocyte activation and zygotic development 


The sperm plasma membrane is thought to be incorporated into the oocyte plasma 
membrane, oolemma, (Gundersen et al., 1986) during sperm—egg fusion mediated 
by adhesion molecules and receptors on the respective sperm and egg plasma mem- 
branes (Stein et al., 2004). Upon sperm—oolemma fusion, the equatorial and 
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postacrosomal segments of the sperm head come in direct contact with the ooplasm 
and the underlying postacrosomal PT is rapidly eroded, releasing its content into 
the ooplasm (Sutovsky et al., 1997, 2003; see Fig. 1.6). The sperm borne-oocyte acti- 
vating factor (SOAF; Kimura et al., 1998) is thought to be transmitted into ooplasm 
via this mechanism, inducing a full spectrum of events associated with oocyte acti- 
vation. These include the completion of second meiotic division, induction of cal- 
cium transients across ooplasm, triggering of cortical granule exocytosis for defense 
against polyspermy, extrusion of second polar body and pronuclear development. 
The phospholipase C-zeta (PLC; Saunders et al., 2002) appears to be the calcium 
oscillation-inducing component of SOAF (Saunders et al., 2002), though a role in 
earlier events of fertilization has not been ruled out. Other PT proteins, including 
signaling molecules in various protein kinase pathways, transcriptional factors and 
structural proteins (reviewed by Mujica et al., 2003; Sutovsky et al., 2003) may con- 
tribute to the process of oocyte activation and to the early stages of pronuclear 
development. One striking feature of male pronuclear development is the reversal 
of spermatogenic histone-protamine exchange. After fertilization, protamines are 
rapidly removed from the decondensing sperm nucleus and replaced by oocyte- 
derived histones (Gao et al., 2004). Similarly, the NPC-free sperm nuclear enveloped 
is removed and quickly replaced by a de novo formed NE with functional pore 
complexes (Sutovsky et al., 1998). Recently, it was discovered that in addition to a 
complement of proteins required for fertilization and oocyte activation, mam- 
malian spermatozoa carry their own complex and well conserved transcriptome 
(Ostermeier et al., 2002). A possibility has been raised that some of those sperm 
contributed mRNAs could either be translated by the zygote or contribute to 
maternal mRNA silencing (Ostermeier et al., 2004). 

The sperm proximal centriole, devoid of pericentriolar material, is released 
from the complex structure of the sperm tail connecting piece to duplicate and 
form a zygotic centrosome, which is ultimately responsible for the formation 
of the sperm aster, and for pronuclear apposition (Navara et al., 1994; Sutovsky 
et al., 1996). Reciprocally, the oocyte centrosome does not contain centrioles, while 
the ooplasm is stocked with protein constituents of pericentriolar material and 
other proteins necessary for de novo centriole biogenesis. The sperm centriole thus 
attracts maternal pericentriolar material with microtubule nucleating proteins 
from the ooplasm. A notable exemption from this centrosomal rule is the mouse, 
in which the spermatid centrosome is not reduced, but degraded completely 
(Manandhar et al., 1998), and pronuclear apposition relies exclusively on maternally- 
controlled asters. Sperm mitochondria are degraded by ooplasmic proteasomes, 
thus promoting maternal inheritance of mitochondria and mtDNA in mammals 
(Sutovsky et al., 1999c, 2004b). Oocyte mitochondria contribute all energy and 
mitochondrial genes to the zygote, a strategy that may be advantageous due to 
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the volatile and potentially mutagenic environment to which paternal sperm mito- 
chondria are exposed during sperm maturation, insemination and fertilization. 
Other sperm accessory structures such as outer dense fibers (ODF) and FS are not 
thought to have a role in zygotic development and are degraded after sperm tail 
incorporation into ooplasm. Some of the sperm-derived components are degraded 
very slowly and may persist until advanced stages of embryonic development 
(Gundersen and Shapiro, 1984; Sutovsky and Schatten, 2000). 


1.5 Conclusions 


Figure 1.6 


Major progress has been achieved in spermatology in the last decade, including the 
successful transplantation of fresh (Brinster and Avarbock, 1994) and cryopre- 
served (Avarbock et al., 1996) testicular tissues, reported production of spermato- 
genic cells from stem cells (Geijsen et al., 2004; Toyooka et al., 2003), production of 
transgenic animals (Yanagimachi, 2005) and routine use of intracytoplasmic sperm 
injection (ICSI) in clinical practice. However, many challenges remain, including 
the development of reliable conditions for spermiogenesis in vitro, the complete, 
repeatable profiling of the spermatogenic transcriptome and proteome, identifica- 
tion of all major genes involved in the control of spermatogenesis and gene therapy 
of human male infertility. The development of more accurate methods for assessing 
spermatogenesis and human semen quality remains a major challenge, given the 
variability of human sperm morphology (Fig. 1.7), increased enrollment of patients 
in assisted reproduction programs and paucity of objective markers of semen qual- 
ity and male infertility. 


Irreversible changes of the sperm head structure during bovine fertilization. 
Cross-section of an intact sperm head (A) shows the structure of the acrosome, which 
becomes vesiculated after sperm binding to egg zona pellucida (B). Figure (C) shows 
sperm penetration slit with a sagital sperm head section revealing the IAM and part of 
the ES and PAS. The ES of the sperm head binds first to oocyte microvilli during 
sperm-oolemma fusion (arrowheads) in the perivitelline space (D). Sperm plasma 
membrane is removed during sperm incorporation into ooplasm (E), at which time the 
layers of equatorial and postacrosomal PT dissolve in the ooplasm (F) and release 

the sperm borne factors that induce oocyte activation. For the purpose of illustration, the 
images in this figure plate were edited by Adobe Photoshop tools and merged 
together, while the structural information from the original TEM negatives has been 
retained. The process of sperm-ZP penetration and sperm incorporation into ooplasm 
is completed in most ova with first 8 hours after sperm addition during bovine 
fertilization in vitro 
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Figure 1.7 Ultrastructure and pathology of the human spermatozoa. (A) An unusual curvature of the 
AC (arrow), perhaps a consequence of aberrant chromatin condensation in the 
corresponding region of the nucleus, is observed in this otherwise normal spermatozoon. 
(B) Longitudinal section of the proximal centriole (asterisk) and proximal centriolar 
adjunct (arrow), an extension of the centriolar microtubule triplets often seen in human 
spermatozoa. (C) Cross-section of basal plate (arrowheads), proximal centriole (asterisk) 
and a striated column (arrows). (D) Abnormal spermatozoon with a connecting piece 
defect (arrow) and prominent nuclear vacuoles (arrowheads), containing trapped 
cytoplasm (see also Plate 1B). (E) Chromatin condensation defect combined with the 
presence of nuclear vacuoles 
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2.1 Introduction: the malleable sperm genome 


Over the last decade, our assumptions and ideas about the stability of the mammalian 
sperm genome have gone through a gentle and progressive change. Historically, we 
viewed the sperm genome as tightly packaged into a virtual crystalline state with 
very little biochemical accessibility. We now understand that in many cases of 
decreased male fertility sperm deoxyribonucleic acid (DNA) structure loses much 
of this inaccessibility and that the DNA is susceptible to damage. More recently, 
evidence has emerged from many different laboratories that spermatozoa contain 
nucleases that are capable of digesting their compact DNA. These data suggest that 
the sperm genome may be less stable than we thought and might even be flexible 
enough to regulate its own stability in a manner similar to somatic cells. In this 
review, we will explore the current status of the stability of the mammalian sperm 
genome in the context of what is known about sperm chromatin structure. 


2.2 Sperm chromatin structure and fertility 
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Before discussing DNA damage as it relates to sperm chromatin structure we 
will briefly review those aspects of sperm chromatin, both known and suspected, 
that pertain to this discussion. During spermiogenesis the haploid sperm chro- 
matin undergoes one of the most significant changes known in biology. All of the 
histones are replaced first by transition proteins, then by protamines (Meistrich 
et al., 2003). This condenses the sperm DNA so tightly that it is resistant to 
mechanical stresses such as sonication (Tateno et al., 2000) and even to boiling 
(Yanagida et al., 1991), both of which destroy the DNA in somatic cells. The major 
role of the spermatozoon is to deliver the paternal genome in pristine condition to 
the oocyte. The condensation of sperm DNA protects it during its transit from the 
male to the female in fertilization. It is important to understand, however, that the 
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condensation of the haploid genome during spermiogenesis functions only for fer- 
tilization, and not for embryonic development. Yanagimachi and colleagues ele- 
gantly demonstrated this by injecting the nuclei of round spermatids into oocytes 
and showing that the resultant embryos developed into live pups at rates of 77% or 
more (Kimura and Yanagimachi, 1995; Ogura et al., 1994). The chromatin of 
round spermatids is organized in the somatic fashion by histones (Meistrich et al., 
2003). So the condensation that occurs after this point is not necessary for the 
paternal genome to participate in embryogenesis. 

Even with this high degree of sperm condensation, sperm DNA remains suscep- 
tible to damage, as discussed below. To begin to understand the mechanisms of this 
damage, it is important to know how the DNA is packaged and how this packaging 
differs from somatic cells. There are four major points to consider. The first is the 
mechanism of protamine binding. Protamines compact DNA very tightly by bind- 
ing in the major groove of the DNA, end to end. This completely neutralizes the 
negative charges of the DNA double helix essentially transforming the DNA fiber 
into an uncharged polymer (Balhorn, 1982; Prieto et al., 1997). Hud and Balhorn 
originally demonstrated that the major binding proteins of sperm chromatin, the 
protamines, fold the DNA into tightly packaged toroids each containing roughly 
50 kb of DNA (Hud et al., 1993, 1994) (Fig. 2.1). More recently, it has been shown 
that these toroids can form in vitro in a progressive manner when protamines 
are added to DNA (Brewer et al., 1999, 2003). Mammalian protamines contain 
cysteines that have long been thought to stabilize sperm chromatin. This has 
recently been demonstrated in bull protamine in vitro (Vilfan et al., 2004). When 
this structure of sperm chromatin is compared to that of somatic cells, which is 
bound to the relative open configuration of nucleosomes by histones (Ward and 
Ward, 2004), it becomes apparent that the protamine toroid provides the mecha- 
nisms for the added protection against mechanical and environmental DNA 
damaging agents. Figure 2.1 includes a cross section of the protamine toroid dia- 
gramming how most of the DNA is completely surrounded by other protamine- 
DNA strands. 

The second point is that when DNA binds to protamines it is far less supercoiled 
than when it is bound to histones (Ward, 1993; Ward et al., 1989). Supercoiling 
means coiling the double helix DNA strand upon itself. Histones coil the DNA 
once every 100 bp to wind the DNA into tight packages. But protamines coil the 
DNA an estimated once every 600 bp or so (Ward, 1993; Ward et al., 1989) so the 
DNA is packaged more tightly but coiled less. This will become important later in 
this chapter when we discuss the role topoisomerase may play in the generation of 
single stranded nicks in sperm DNA. Topoisomerases may nick the DNA to allow 
it to uncoil for the protamines to replace the histones (Marcon and Boissonneault, 
2004; McPherson and Longo, 1993). 
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Donut-Loop model for sperm chromatin structure. This model was modified from 
(Sotolongo et al., 2003) and reveals the internal structure of the protamine-DNA fibers 
within the toroid (inset) 


The third important point to understand about sperm chromatin is that some 
histones do remain in the fully mature spermatozoon. Importantly, the positioning 
and the role of these histones is controversial. Some authors have demonstrated 
that in human spermatozoa some histone variants are located at the telomeres 
(Gineitis et al., 2000; Zalensky et al., 2002). Others have suggested that histone 
bound chromatin is located at the sites of DNA loop domain attachments, termed 
MARs (matrix attachment regions) (Pittoggi et al., 2000; Wykes and Krawetz, 
2003b). It is not clear what parts of the sperm chromatin remain bound to histones 
after the condensation process, but it is reasonable to argue that the replacement 
would not be complete. This is important because DNA that is bound to histones 
is much more susceptible to DNA damaging agents than DNA that is bound to 
protamines. Therefore, the sperm chromatin that is bound to histones would be 
candidate loci for sperm DNA damage. 

The last point about sperm chromatin structure that we would like to present is 
what is known about the overall chromatin structure. Each mammalian sperm 
nucleus contains roughly three feet of DNA compacted into a small nucleus about 
8 um long, and about 1 p.m thin (Ward and Coffey, 1991). There is not yet a model 
for how protamine toroids themselves condense into chromatin, and any such 
model would be speculative at this point. However, we do know that sperm chro- 
matin is organized into loop domains by a sperm nuclear matrix, in a manner sim- 
ilar to that of somatic cells (Schmid et al., 2001; Sotolongo and Ward, 2000; Ward 
et al., 2000). These loop domains each contain roughly 50 kb (Ward et al., 1989), 
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which is the same size as a protamine toroid. We have proposed a model (Fig. 2.1) 
for sperm chromatin structure in which each protamine toroid is a single loop 
domain and provided experimental evidence to support it (McCarthy and Ward, 
1999; Sotolongo et al., 2003). The model suggests that each protamine toroid is 
connected by a toroid linker composed of chromatin that is more sensitive to dam- 
aging agents such as DNAse I. According to this model, the protamine linker 
regions would be a likely candidate for DNA damage in mature spermatozoa. 

Understanding the structure of this compact sperm chromatin reveals several 
likely targets for DNA damage. We will next review the different chromatin struc- 
ture assays that are currently being used to correlate human infertility with sperm 
DNA damage in the context of what we know about its structure. 


2.3 Sperm DNA damage assays and human fertility 


Many assays for sperm chromatin structure have been developed in an attempt to 
determine whether cases of idiopathic male infertility could be explained by the 
sperm DNA being damaged. The rationale is that DNA damage may not be 
reflected in the sperm morphology, motility, or even its ability to fertilize the 
oocyte. However, damaged sperm DNA would be expected to prevent or reduce 
the spermatozoon’s potential to fertilize and/or inhibit embryo development. 
Several excellent reviews have recently been published that describe how the vari- 
ous techniques relate to each other and how they correlate with human fertility 
(Agarwal and Said, 2003; De Jonge, 2002; Evenson et al., 2002; Sakkas et al., 2003; 
Spano and Sakkas, 2005), and we will not attempt to review these clinical aspects. 
Instead, we will explore these assays in the context of our current model of sperm 
chromatin structure in an attempt to reveal new insights into their mechanisms. 
There are two features we would like to consider: whether the assay detects sin- 
gle stranded (ss) or double stranded (ds) DNA breaks, and what level of accessibil- 
ity to the sperm chromatin the assay provides. The differences between ss and ds 
DNA breaks are clear, but the latter point deserves some consideration with rela- 
tion to our view of sperm chromatin. The Donut-Loop model (Fig. 2.1) predicts at 
least three separable levels of chromatin accessibility. The first and most open is the 
toroid linker region that contains the nuclear MAR. The toroid linkers are more 
sensitive to DNAse I than the protamine bound DNA (Sotolongo et al., 2003). The 
chromatin structure of the toroid linkers is not known, but work by Krawetz and 
colleagues has shown that histone-bound DNA is associated with the nuclear 
matrix in human spermatozoa (Martins et al., 2004; Wykes and Krawetz, 2003a). 
This suggests that the toroid linkers may be in the more open histone bound con- 
figuration. The second level of accessibility would be the chromatin fibers that are 
on the surface of the protamine toroid (Fig. 2.1). These fibers would be expected to 
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Table 2.1. Types of sperm chromatin structure assays (SCSAs) in order of increasing 
accessibility 


Assay Type of DNA break detected Chromatin proteins removed 


TUNEL Accessible ds + ss DNA breaks None 
In situ translational Accessible ss DNA breaks None to few 
SCSA Non-toroidal ds + ss DNA breaks Some histones 

(External toroidal ss + ds DNA breaks?) (some external protamines?) 
Neutral COMET Most ds DNA breaks ALL (histones + protamines) 
Alkaline COMET Most ds + ss DNA breaks ALL (histones + protamines) 


be accessible to enzymes, but the protamines that bind so completely to this DNA 
would probably severely, if not completely, inhibit the activity of DNA binding 
enzymes. The third level of sperm chromatin accessibility would be the majority of 
the chromatin fibers that are inside the toroid and completely covered by neigh- 
boring protamine-DNA strands (Fig. 2.1). These DNA strands are not accessible to 
any exogenous proteins while the toroids remain compact. 

Let us now consider the different assays that are available to test for sperm DNA 
damage with respect to these three levels of DNA accessibility. One of the most 
common assays for the presence of DNA breaks in human spermatozoa is the 
TUNEL assay, or terminal deoxynucleotidyl transferase (TdT) mediated dUTP nick 
end labeling (Sgonc and Gruber, 1998). In this assay, the enzyme TdT is used to add 
labeled nucleotides to free 3’ OH groups at the ends of DNA strands resulting in ss 
poly-U extensions. Therefore, TUNEL detects both ss and ds breaks. The labeled 
nucleotides that are thus incorporated into the DNA are detected with fluorescent 
antibodies. Most current protocols for sperm TUNEL assays do not include an 
extensive extraction procedure that would be expected to remove protamines or his- 
tones, except for the fixation procedure that includes ethanol and acetic acid that 
might remove some or all of the histones (Marcon and Boissonneault, 2004; Sakkas, 
et al., 2002). Indeed, this assay often depends on sperm nuclei remaining condensed 
so that they can be sorted by fluorescence activated cell sorting (FACS; Seli et al., 
2004; Sun et al., 1997), confirming that most of the nuclear proteins remain in situ. 
The in situ translation assay also uses an enzymatic method to detect ss DNA breaks, 
but cannot detect ds breaks. These two assays have the least accessibility to sperm 
chromatin of all the assays described in this section (Table 2.1). 

These facts suggest that most of the sperm DNA remains inaccessible to the TdT 
in the TUNEL assay because the protamine toroids remain largely intact and most 
of the DNA is localized within the toroid. Thus, we would predict that the major 
type of sperm chromatin that would be accessible to the TUNEL assay would be 
the toroid linker regions. We have shown that these regions are accessible to DNAse 
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I (Sotolongo et al., 2003) and they should be accessible to the TdT that is used in 
the TUNEL assay. The second type of chromatin in which damage may be detected 
by this assay is the DNA that happens to be on the surface of the protamine toroids. 
We view this as less likely because the very high affinity that protamines have for 
DNA would probably prevent TdT binding to DNA. However, TUNEL may be able to 
detect these breaks since the TdT only adds to free 3’ OH ends. The third type would 
be severely damaged chromatin that has little or no protamines due to some type 
of chromatin defect (Fig. 2.2A, Color plate 2). Thus, the TUNEL assay is limited to 
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Figure 2.2 The TUNEL assay and SCSA considered with respect to the Donut-Loop model. (A) The 
TUNEL assay uses the enzyme TdT to add uridine residues to 3' OH ends of nicked and 
broken DNA. (B) The SCSA assay denatures DNA that has nicks, then uses acridine orange 
to detect ss and ds DNA (see Color plate 2) 
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those areas of sperm chromatin that remain accessible to enzymatic modification. 
Because these areas may, in fact, be the most active sites during the first hours of 
fertilization when sperm chromatin is decondensed, this aspect may be why the 
TUNEL assay is more closely correlated with human infertility (Sakkas et al., 2003; 
Spano and Sakkas, 2005) than, for example, the COMET assay that detects virtu- 
ally all DNA breaks, as described below. 

Another popular method of examining sperm DNA stability is the sperm chro- 
matin structure assay (SCSA) developed by Don Evenson (Ballachey et al., 1987; 
Larson-Cook et al., 2003). In this assay, sperm samples are treated with mild acid 
to denature DNA that contains ss or ds nicks, but are otherwise not treated with 
conditions that are strong enough to extract the protamines. As in the TUNEL 
assay, the sperm nuclei remain condensed enough to be separable by flow cytome- 
try. However, in the SCSA, no enzymes are required. The acid extracted sperm 
nuclei are stained with acridine orange, a DNA intercalating dye that stains ss DNA 
red and ds DNA green. The ratio of red to total staining (red/red + green) is called 
the DFI, or DNA fragmentation index. The DFI is therefore a measurement of the 
amount of sperm chromatin that can be denatured by mild acid or heat treatment. 
Because chromosomal DNA is tethered by attachments to the nuclear matrix every 
50kb or so (Ward et al., 1989), and by the tight binding of the protamines 
(Fig. 2.1), it can only be denatured if there is a DNA break. Therefore, the SCSA can 
also infer ss or ds DNA breaks. 

In the context of our model for sperm chromatin structure, we predict that most 
of the DNA breaks the SCSA identifies are located in the toroid linker regions 
(Fig. 2.2B). Acridine orange is a relatively small molecule when compared to the 
enzymes TdT and DNA polymerase, so access to the sperm chromatin should not 
be limiting. However, Evenson has suggested that condensed chromatin does not 
bind acridine orange well (Evenson and Jost, 2000) and it may be that the prota- 
mines prevent the actual intercalation of the dye into the ds DNA. Intercalating 
agents extend the DNA and can distort it so much that histones can no longer bind 
it. It is possible that protamines, which are linked by covalent intermolecular disul- 
fides, cannot be displaced by intercalators and actually inhibit their binding. 
Regardless of whether acridine orange can bind to the protamine-bound DNA, it 
is clear that protamine-bound DNA will not denature even if ss DNA nicks are pres- 
ent. Given these facts, we predict that the SCSA would have a similar accessibility in 
detecting ss and ds DNA breaks as the TUNEL assay (Fig. 2.2B, Color plate 2). 

The last assay that we will discuss is the COMET assay. This assay is unique in 
that all the protamines and histones are extracted by high salt and disulfide reduc- 
ing reagents (McVicar et al., 2004; Tomsu et al., 2002). Spermatozoa are embedded 
in agarose on a glass slide so that when the proteins are extracted the chromosomal 
DNA remains localized. The extraction procedures used with the COMET assay 
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The neutral and alkaline COMET assays and the nuclear matrix. Both COMET assays 
extract the histones and protamines with high salt, so that the Donut-Loop model is not 
relevant in this assay. The attachment sites of the DNA to the nuclear matrix, however, 
would remain intact in this assay. Note that DNA double-helices depicted in the extracted 
loop diagrams are not drawn to scale, but are shown as shorter segments for clarity (see 
Color plate 3) 


are consistent with the formation of nuclear halos, in which naked loops of DNA 
of about 50 kb in length, are attached at their bases to the sperm nuclear matrix 
(Nadel et al., 1995; Ward et al., 1989) (Fig. 2.1.) The DNA is then denatured by base 
(alkaline COMET assay) or kept at neutral pH (neutral COMET assay) and sub- 
jected to an electric current. Those fragments of DNA that are free of the sperm 
nuclear matrix migrate towards the positive electrode, creating a comet-like 
appearance (Fig. 2.3, Color plate 3). According to this view of the COMET assay, ss 
DNA breaks would only be freed from the sperm nucleus if two ss DNA breaks are 
present on the same strand of DNA within one loop (Fig. 2.3). Likewise, ds DNA 
breaks would only be detected if two ds DNA breaks occurred in one loop. Finally, 
if some patients had sperm nuclear matrix aberrations (Barone et al., 2000) the 
COMET assay might identify more DNA breaks. 
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If the models shown in Figures 2.2 and 2.3 for understanding SCSAs are correct, 
we may conclude that the TUNEL, SCSA, and in situ translation assays primarily 
detect the toroid linker regions, while the COMET assays detect many more 
DNA breaks per sperm cell, but without any distinction for their chromosomal 
localization. 


2.4 Sperm apoptosis 


The TUNEL assay described above was originally used to measure apoptosis in 
somatic cells. The association of positive TUNEL assay results (i.e., DNA strand 
breaks) in ejaculated sperm led to the idea that mature sperm cells may possess the 
ability to go through apoptosis. That this is a controversial proposal is not surpris- 
ing — the sperm cell is the protector and deliverer of the embryo’s paternal compli- 
ment of DNA; the last thing one expects are apoptotic nucleases to be present. 
However, current data suggest that these nucleases do exist in some ejaculated 
spermatozoa. 

Apoptosis is a strictly regulated programmed cell death (Kerr et al., 1972) utilized 
by somatic cells for proper development, homeostasis, and removal of damaged or 
dangerous cells. It is marked by chromatin condensation, plasma membrane bleb- 
bing, nucleosome-sized as well as a high molecular weight (50-100 kb) DNA frag- 
mentation, the externalization of certain inner-membrane constituents, and cell 
fragmentation into compact membrane-enclosed structures termed apoptotic 
bodies which contain cytosol, the condensed chromatin, and organelles. Apoptosis 
has also been suggested to play key roles in adjusting the appropriate number of 
proliferating germ cells associated with Sertoli cells, removing abnormal sperm, 
and in other normal spermatogenic processes (Berensztein et al., 2002; Billig et al., 
1995; Blanco-Rodriguez, 1998; Furuchi et al., 1996; Knudson et al., 1995; Print and 
Loveland, 2000). The apoptotic machinery is also implicated in the selective deple- 
tion of unneeded portions of cytoplasm during Drosophila (Arama et al., 2003) 
and rat (Blanco-Rodriguez and Martinez-Garcia, 1999) spermiogenesis into cyto- 
plasmic masses dubbed ‘residual bodies. And while apoptotic markers including 
DNA nicks, caspases and other proteins, and phosphatidylserine (PS) translocation 
have been observed in ejaculated spermatozoa, it is unclear whether they are residues 
of an abortive apoptotic process started before ejaculation (Sakkas et al., 1999b), 
an anomaly of sperm production, or signs of apoptosis initiated post-ejaculation. 

Do mature spermatozoa have the ability to go through apoptosis? This is a more 
difficult question to answer. The presence of DNA strand breaks and spontaneous 
DNA fragmentation in ejaculated spermatozoa has led to much speculation. 
Hypotheses of the reasons for their existence in mature spermatozoa include 
the failure to repair naturally induced nicks during chromatin remodeling, 
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fragmentation due to reactive oxygen species (ROS) (Aitken et al., 1998; Muratori 
et al., 2003), endogenous nucleases that can be activated under certain conditions 
(Maione et al., 1997; Sotolongo and Ward, 2000; Sotolongo et al., 2003), and actual 
apoptotic DNA cleavage. And while some apoptotic markers positively correlate 
with infertility in humans, a causative effect has yet to be seen (Oehninger 
et al., 2003). 

As mentioned above, there exists a major topological problem in going from 
histone-bound to protamine-bound DNA. Histones coil DNA more than prota- 
mines, and thus when protamines replace histones, these supercoils must be 
removed. To remove these supercoils, nicks must be introduced into the DNA by a 
nuclease. Topoisomerase has been implicated in this process (McPherson and 
Longo, 1993) as it allows for controlled nicking, increase in linking number and 
subsequent DNA relaxation, and religation of the DNA. DNA nicks can be seen, 
in situ, using the TUNEL assay to detect DNA strand breaks in the early stages of 
spermatogenesis. DNA nicks are maximally seen during the transition from round 
to elongated spermatids in the testis and visualized in close to 100% of the cells 
(Marcon and Boissonneault, 2004). These nicks are nearly absent once packaging 
is complete. A positive correlation has been seen between topoisomerase presence 
and DNA strand breaks; topoisomerases have been identified in spermatogonia, 
spermatocytes, and round and early-elongating spermatids (Chen and Longo, 
1996) while few people report their localization in mature spermatozoa (St Pierre 
et al., 2002). Some spontaneous DNA fragmentation has been observed post- 
ejaculation and increases with glutathione peroxidase inhibitor treatment. This 
suggests an involvement of ROS as a possible cause of DNA fragments in mature 
sperm (Muratori et al., 2003). Finally, nucleases have been found in the lumen of 
the cauda epididymides of bull, boar, rabbit, and rat (reviewed in Jones, 2004). 

Apoptotic markers seen in ejaculated spermatozoa include Bcl-xl (Cayli et al., 
2004; Sakkas et al., 2002), caspase-3, -8, and -9, Fas receptors (Paasch et al., 2003; 
Sakkas et al., 1999b, 2002; Wang et al., 2003; Weng et al., 2002), PARP (Blanc- 
Layrac et al., 2000), as well as the externalization of the normally membrane-inter- 
nal PS by Annexin V binding (Paasch et al., 2003; Weng et al., 2002), and DNA strand 
breaks (Aravindan et al., 1997; Evenson et al., 1999; Gorczyca et al., 1993; Sakkas 
et al., 2002; Van Kooij et al., 2004). 

There has also been seen an increase in caspase enzyme activity in men with 
decreased sperm cell motility, but also in motile fractions from sub fertile patients 
(Taylor et al., 2004). Samples with lower sperm concentration and poor morphology 
correlated with increased TUNEL staining and Fas and p53 expression (Sakkas et al., 
2002), and with increased immature sperm concentration and Bcl-xl expression 
(Cayli et al., 2004; Sakkas et al., 2002). However, TUNEL positive cells and apoptotic 
markers are not always found together (Sakkas et al., 2002). 
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The prevailing idea is that apoptosis does not occur in mature spermatozoa, 
rather that apoptotic markers exist in immature spermatogenic cells that were not 
selected against during spermiogenesis. DNA fragmentation as detected by the 
TUNEL assay can be caused by topoisomerase during the change from histone- to 
protamine-bound DNA or by ROS (Aitken et al., 1998; Muratori et al., 2003; Wang 
et al., 2003). The protein markers can be leftover from abortive apoptosis, cells that 
should have been removed from the mature sperm population but were not, or 
from normal spermiogenic occurrences such as cytoplasmic depletion. Membrane 
phosphotidyl serine translocation, while seen in sperm in different experimental 
conditions, could be related to positive functional changes in sperm such as capac- 
itation (de Vries et al., 2003; Gadella and Harrison, 2002) and in cryopreserved 
sperm is likely due to membrane damage (Guthrie and Welch, 2005). In fact, in 
experiments where mature sperm are incubated for 24h, necrosis rather than 
apoptosis is detected even though there is a significant decrease in cell motility 
(Lachaud et al., 2004). In an experiment where apoptosis was activated in sperm 
cells, betulinic acid was used to induce apoptosis and it was detected by mitochon- 
drial transmembrane potential disruption and activation of caspases-9 and -3 
(Paasch et al., 2004). Nevertheless, naturally induced apoptosis has yet to be fully 
described or accurately detected in mature spermatozoa. 


2.5 Sperm nucleases 


While a nuclease could be detrimental to the integrity of the paternal genome, they 
are necessary for proper spermatogenesis. As discussed earlier, negative supercoils 
must be removed from the DNA when histones are replaced by protamines during 
spermiogenesis. To remove these supercoils, nicks must be introduced into the 
DNA by a nuclease, at specific stages of spermiogenesis, as discussed above (Marcon 
and Boissonneault, 2004). Topoisomerase has been implicated in this process as it 
allows for controlled nicking, increase in linking number and subsequent DNA 
relaxation, and religation of the DNA. The TUNEL assay does detect in situ DNA 
strand breaks in the early stages of spermatogenesis (Marcon and Boissonneault, 
2004). However, the lack of proper elimination of errant cells during spermatoge- 
nesis could allow cells with DNA strand breaks to continue along the maturation 
pathway thus causing positive TUNEL assays in epididymal and ejaculated sperm. 

The studies described above provide evidence for nucleolytic activity by topo- 
isomerases during spermiogenesis, but at least three separate laboratories have 
shown that mature spermatozoa may also have active nucleases. Spadaforra and 
colleagues suggested that the mouse spermatozoon digests a discrete portion of its 
histone-bound DNA when challenged with exogenous DNA (Maione et al., 1997). 
A portion of exogenous DNA is internalized into the nuclei triggering nuclease(s) 
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that cleave the exogenous and the genomic DNA. The nuclease response requires 
challenges with much higher DNA concentrations in ejaculated sperm compared 
to that in epididymal spermatozoa, eventually leading to cell death in both groups 
(Spadafora, 1998). Yanagimachi and colleagues have shown that ethylene diamine 
tetracetic acid (EDTA) and ethylene glycol bis-2-aminoethyl ether-N,N’,N", 
n’-tetraacetic acid (EGTA) treatment of spermatozoa prior to intracytoplasmic 
sperm injection can prevent paternal chromosomal damage (Kaneko et al., 2003; 
Kusakabe et al., 2001; Tateno et al., 2000), suggesting that some endogenous nucle- 
ase does exist in spermatozoa. Finally, our laboratory has shown that fully mature 
spermatozoa from hamster, mouse, and human have the ability to digest their 
DNA into loop-sized fragments of 50 kb or so (Sotolongo et al., 2003, 2005). More 
recent, unpublished data from our laboratory suggests that these nucleases are 
associated with the sperm nuclear matrix, and can be activated even more com- 
pletely than we have previously shown. These data suggest that mature spermato- 
zoa do contain some type of nuclease. We propose that these will be similar to the 
apoptotic related nucleases in somatic cells, including topoisomerase II, but that 
they might not necessarily function for that purpose. Just as the proteolytic apop- 
totic machinery was ‘borrowed’ for normal spermiogenesis functions in 
Drosophila (Arama et al., 2003), so might the nucleolytic functions be used for 
processes other than classical apoptosis in spermatozoa. 


2.6 Conclusions 


There is now no doubt that the chromatin of mature mammalian spermatozoa 
which we once viewed as almost impenetrable to DNA damaging agents can, and 
often does, contain both ss and ds DNA breaks. Understanding the mechanisms 
surrounding the generation of sperm chromatin breaks has clinical significance in 
humans, as the presence of this DNA damage often correlates with male infertility. 
Several recent reviews presenting hypotheses for the generation of these breaks 
have been published. The possibilities include abortive apoptosis of spermatogenic 
cells (Sakkas et al., 2003), incomplete repair of topoisomerase-induced nicks dur- 
ing histone replacement by protamines (Marcon and Boissonneault, 2004; Sakkas 
et al., 1999a), and the generation of ROS that cause DNA nicks in mature sperma- 
tozoa (Aitken et al., 2003). Our recent work has demonstrated that mammalian 
spermatozoa also contain endogenous nucleases that are capable of digesting all 
the sperm chromatin (Sotolongo et al., 2003, 2005). Much work remains to be 
done to understand the origins of DNA damage in the tightly packed sperm chro- 
matin, but it is clear that it has a significant clinical impact. 

In this chapter, we have explored the various current SCSAs in light of our mod- 
els for sperm DNA packaging. Our major conclusion is that the assays that seem to 


43 


Sperm DNA damage and chromatin structure 


be more correlative with human infertility, specifically the TUNEL and SCSA, 
probably detect only a subset of sperm DNA damage. This damage is located in 
those chromatin foci that are in the most open configuration — the toroid linker 
regions that contain the nuclear matrix attachment sites and the sperm DNA that 
is most susceptible to exogenous nucleases. Both the alkaline and neutral COMET 
assays detect virtually all ss and/or ds DNA breaks without regard to the different 
types of chromatin structure that histones and protamines confer on sperm DNA. 
In a model that is similar to our Donut-Loop structure, Spadafora has proposed 
that sperm chromatin contains active sites that are associated with the sperm 
nuclear matrix (Spadafora, 1998). These active sites would correlate to protamine 
linker regions. Regardless of whether such active sites exist in spermatozoa, current 
models of somatic cell chromatin structure suggest that virtually all types of DNA 
function occur at the sites where the DNA is attached to the nuclear matrix (Pienta 
et al., 1991). Thus, we have suggested that these same sites in sperm nuclei serve as 
the nucleation sites for pronuclear DNA replication (Sotolongo and Ward, 2000). 
If these hypotheses are correct, it seems predictable that SCSAs that focus on these 
toroid linker sites would be more clinically useful than assays that are not able to 
distinguish them from the rest of the sperm chromatin. 

Of course, it is not yet clear how much of what we have proposed in this work 
will be modified as research on sperm chromatin structure progresses. However, 
considering the current sperm DNA assays in the context of our Donut-Loop 
model predicts the clinical correlations that have been observed to date. We antic- 
ipate that further research on how sperm chromatin is packaged will contribute 
both to a better understanding of the clinical assays that detect sperm DNA dam- 
age, and the biological significance of these DNA breaks. 
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3.1 Introduction 


The purpose of this chapter is to provide the reader with an insight into potential 
new developments in male infertility; specifically, sperm development and func- 
tion, concentrating on the technologies of gene expression, proteomics and use of 
gene knock out experiments. We initially discuss the future of traditional semen 
analysis, as a baseline to describing new technologies. The overall objective is to 
stimulate the reader to find out more about these developments and to provide 
some guidance on how the information can be used to develop more effective diag- 
nostic tools for the future. It is our premise that a more detailed understanding of 
the physiology of both the normal and pathological cell is central to developing 
rational, non-assisted reproductive technology (non-ART) therapy. 


3.2 How useful is a semen assessment for the diagnosis and 
prognosis of male infertility? 


49 


The value of traditional semen parameters (concentration, motility and morph- 
ology) in the diagnosis and prognosis of male infertility has been debated for almost 
60 years and, perhaps not surprisingly, the debate continues (see Björndahl et al., 
2005). There are many difficulties in the design of studies to assess the value of trad- 
itional semen parameters, for example number of semen samples to assess, rele- 
vance of different outcomes (in vitro fertilisation (IVF) versus in vivo conception) 
etc., but one of the most significant variables is the degree of quality control (QC) 
measures in place to ensure the assessment is valid. The majority of studies that 
have concluded that traditional semen parameters have limited or no value in the 
diagnosis/prognosis of male infertility do not provide any (or very limited) infor- 
mation on QC procedures and thus it is difficult to determine the relevance of their 
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findings. For example, if the methods cannot detect a difference of 25% on sperm 
concentration it is not surprising that sperm concentration is not significantly related 
to fertility (e.g. Polansky and Lamb, 1988). More recent publications, with better- 
defined populations, and an improved awareness of the need for QC (Björndahl et al., 
2005; De Jonge and Barratt, 1999; WHO, 1999) have shown that traditional semen 
parameters do provide some degree of prognostic and diagnostic information for the 
infertile couple (Bonde et al., 1998; Larsen et al., 2000; Tomlinson et al., 1999). How- 
ever, even with rigorous QC procedures in place, it is only at the lower ranges of the 
spectrum that these parameters are most useful (Comhaire, 2000) and, even then they 
can only be used as guidance for couples and do not represent absolute values. 

Traditional semen analysis will therefore only be a limited first line tool in the 
diagnosis of male infertility. Consequently, andrologists have focused on developing 
simple, robust and effective tests of sperm function. However, despite the plethora 
of potential assays available, results have been very disappointing (ESHRE, 1996; 
Muller, 2000). In fact, assessing the current data, it is difficult to see that there are 
more effective methods to assess sperm function than perhaps the most simple (and 
oldest) sperm function assay — penetration of spermatozoa into human cervical 
mucus (or artificial substitutes) (Aitken et al., 1992; Ivic et al., 2002). One exception, 
and potential assay on the horizon, is the assessment of the DNA integrity of the 
spermatozoon however, recent data questions the preliminary favourable results 
(Bungum et al., 2004; Gandini et al., 2004). Comprehensive studies are required to 
see whether this assay lives up to its initial promise and stands the test of time or, as 
with many of the other putative sperm function assays, dies a slow and painful death. 

While the paucity of robust assays of sperm function is surprising, frustrating 
and disappointing it does allow clinical and research andrologists to re-evaluate 
and formulate more sophisticated strategies to guide the field into the next gener- 
ation of functional assays. 


3.5 The sperm and testis transcriptome 


3.3.1 Sperm mRNA 


Following considerable debate, it has now been established that human sperm con- 
tain complex populations of RNA. There have been a number of studies using 
sperm RNA as a template to successfully determine the presence of targets of inter- 
est, for example L type calcium channels (Goodwin et al., 2000) and oestrogen 
receptor alpha and beta (Aquila et al., 2004). In addition, using cDNA micro- 
arrays, the possibility of the sperm RNA profile as an indication of male fertility 
has been suggested. A rigorous study by Ostermeier and colleagues (2002) docu- 
mented sperm RNA profiles of fertile men. Comparisons were made with gene 
expression in the testis and lymphocyte controls. Intriguingly, there was minimal 
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overlap with the lymphocyte profile suggesting an essentially pure population of 
sperm RNA. Additionally, one individual ejaculate contained almost all the unique 
expressed sequence tags (ESTs) as were detected in the pooled fertile controls. 
Concordance between testicular and the sperm profiles supported the view that 
sperm RNA can be used to monitor past events during spermatogenesis. This study 
paves the way for the more detailed molecular examination of sperm dysfunction 
and may represent a powerful non-biased systematic approach. Surprisingly, to date, 
no study has compared these normal profiles (‘molecular signatures’ Miller et al., 
2005) with those from men with defined sperm dysfunction to try and address pos- 
sible differences that may be related to function. One specific case would be to com- 
pare those men with poor sperm hyperactivation and determine if the transcripts for 
the reported calcium entry and activation channels are present (e.g. the CatSper 
family). An obvious advantage of sperm microarrays, which are non-invasive, is that 
testicular biopsies, which can be very difficult to obtain, may become redundant 
as a material for gene expression. It remains to be seen if this will happen. 

The functional significance of RNA in sperm is still a matter of debate. Comparison 
of sperm RNA populations with those in the early zygote and the unfertilised egg 
show that there is a population of RNAs in both the early zygote and sperm that are 
not present in the unfertilised human egg (Ostermeier et al., 2002, 2004). At least six 
candidate mRNAs have been identified including clusterin and protamine 2, although 
the exact function and critical importance of these sperm specific mRNAs has yet to 
be established. In a recent review, David Miller (Miller et al., 2005) suggests that the 
RNA may have a role in selective chromatin repackaging and possibly in mediating 
specific imprinting events at fertilisation. The latter is a fascinating concept. Addition- 
ally, micro RNAs (miRNAs) and silencing RNAs (siRNAs) have also been detected 
in human spermatozoa and these may also play a role in early fertilisation events 
(Ostermeier et al., 2005). 


3.3.2 The transcriptome of the testis 


There have been a large number of publications using microarray analysis to 
study the transcriptome of the animal testis. A variety of approaches have been 
developed ranging from relatively simple methods examining a very limited gene 
set, to more sophisticated techniques developing subtracted cDNA libraries. The 
widespread use of gene expression array technology to assess global transcription 
represents a very powerful tool to study a plethora of exciting developments in sperm 
production such as profiling the specific stages of gene expression in spermato- 
genesis (Shima et al., 2004; Small et al., 2005), examining the effect of androgens 
on gene expression (Zhou et al., 2005) and obtaining expression profiles of isolated 
germ cells (Hofmann et al., 2005). 

In order to exploit the wealth of information that is generated from microarray 
experiments, Primig and colleagues (Wrobel and Primig, 2005) have developed 
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a unique interactive web-based resource on germ cell expression data (www. 
germonline.org). This provides a novel cross species knowledge base that has 
numerous features including graphical displays for expression signals and con- 
tains the latest available microarray data allowing direct access by researchers thus 
permitting up to date information to be readily available (see Wiederhehr et al., 
2004; Wrobel and Primig, 2005). Importantly, it also allows the comparison of 
data from different organisms (e.g. Saccharomyces cerevisiae), thus facilitating the 
potential to understand fundamental developmental processes (e.g. meiosis). 

Ellis and colleagues (2004) described the construction and validation of a com- 
prehensive subtractive cDNA microarray covering approximately 2000 testicular 
genes that are strongly representative of genes expressed in meiosis and post- 
meiotic stages. The objective was to determine the transcriptional profile of the 
first wave of spermatogenesis in the mouse and compare the results to a variety of 
models of male infertility: (1) XXSxr’ (few if any germ cells); (2) mshi homo- 
zygotes (reduced numbers of spermatogonia and no progression beyond the meiotic 
stages); (3) Bax (—/—) (atypical pre-meiotic cells and depleted post-meiotic 
stages); (4) bs homozygotes (failure of post-meiotic acrosome assembly leading to 
reduced sperm numbers); (5) azh (teratozoospermia and subfertility); (6) bcl-w. 
Their detailed analysis demonstrated clustering of gene expression at different 
stages and different days during the first wave of spermatogenesis (56dpp). The 
post-meiotic gene cluster (spermatid associated clusters) had the highest propor- 
tion of uncharacterised genes (of unknown function) highlighting our limited 
understanding of this complex period of cell development (see also Schultz et al., 
2003). In comparisons between controls and the XXSxr’ mouse there was low-level 
somatic expression of genes in germ cell types. In comparison with mshi and Bax 
there was near normal levels of early onset transcripts (early germ cell stages) but 
a relative absence of genes in the latter stages of spermatogenesis. Interestingly, 
while the testicular histology of the azh and bcl-w mutants were different from that 
found in normal animals, few transcriptional differences were detected in the 
mutants as compared to normal mice. The failure to detect difference in the azh 
model may be due to the fact that there is no expression of mRNA in the latter 
stages of spermatogenesis (during chromatin repackaging) where the transcripts 
are believed to be pre-expressed and stored. 

Schultz et al. (2003) used an Affymetrix mouse (U74 v2) oligonucleotide array set 
analysing approximately 20,000 genes to study the germ cell-enriched gene expres- 
sion profile from post-partum day 1 to adult mice. There were a significant number 
of testis-specific transcripts identified coincident with or after meiosis — approxi- 
mating to 4% of the mouse genome. These data provided a large number of candi- 
date genes for contraceptive targeting as well as a number of proteins that may be 
involved in fertilisation. When Schultz et al. compared specific post-meiotic gene 
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transcripts to the literature databases approximately 50% of the genes lead to com- 
plete loss of fertility in knockout animals. These results encourage examination of 
late/post-meiotic transcripts to assess their potential as contraceptive targets. 

In addition to examining expression profiles for male fertility there is likely to be 
an increased use of microarray technology in toxicology studies. For example, 
Aguilar-Mahecha and colleagues (2002) examined the effect of chronic cyclophos- 
phamide on gene expression in the rat using 216 cDNAs. Cyclophosphamide treat- 
ment led to a substantial decrease in gene expression: decreased levels of gene 
expression in pachytene spermatocytes (34% of genes studied), round spermatids 
(29% of genes studied) and elongating spermatids (4% of genes studied). In elong- 
ating spermatids only, drug treatment increased expression in 8% of genes studied 
(Aguilar-Mahecha et al., 2002). In contrast to the chronic exposure results, acute 
exposure caused increased gene expression in all the cell types examined (Aguilar- 
Mahecha et al., 2001). Future toxicological research should benefit greatly with the 
development of more advanced microarrays that can screen the whole genome. 

The advent of microarrays to scan the genome makes it now possible to study 
human spermatogenesis in normal and subfertile populations. In conjunction 
with non-invasive fine needle aspirations of the testis we are likely to see a number 
of studies of human expression profiles associated with male fertility. One inter- 
esting example would be to study the expression profile of men with high levels of 
sperm aneuploidy in an attempt to determine the genes involved in this condition. 


3.3.3 The sperm proteome 


Comprehensive and systematic identification and quantification of proteins 
expressed in cells and tissues are providing important and fascinating insights into 
the dynamics of cell function. For example, there has been a wealth of detailed pro- 
teomic studies to identify molecular signatures of disease states (e.g. phospho- 
protein networks in cancer cells (Irish et al., 2004)). 

Rapid technological advances facilitate faster and more accurate revelations of 
cell function, for example comprehensive proteomic mapping of the lung endo- 
thelial cell surface (Durr et al., 2004). Complementing the growth in technology 
and the number of pathologies subject to diagnosis, there has been an expansion in 
the variety of bioinformatics approaches to study protein-protein interaction net- 
works (Papin et al., 2005). Additionally, there have been important developments 
in mathematical computing/prediction (e.g. Baysian networks), to try and deter- 
mine the complex stochastic non-linear interactions between signalling molecules 
in cells (Sachs et al., 2005). 

Spermatozoa would appear ideal to study from a proteomic perspective because 
they are transcriptionally inactive. However, there have been relatively few studies 
examining the proteome of human spermatozoa. Studies have used antisperm 
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antibody sera in an attempt to detect potential sperm targets for male contracep- 
tion. This is a logical approach because antisperm antibodies are associated with 
sterility, albeit in a very limited number of cases. Unfortunately, however, this rational 
approach has met with limited success (see Naaby-Hansen et al., 1997; Shetty et al., 
1999; Shibahara et al., 2002) with very few robust candidate proteins being identi- 
fied (see for review Bohring and Krause, 2003). For example, Bohring et al. (2001) 
have identified six potential candidates (HSP 70, HSP70-2, disulphide isomerase 
ER60, the inactive form of caspase 3 and two subunits of the proteosome complex) 
but there has been a paucity of data on the relevance of these candidates as poten- 
tial contraceptive targets, and the identification of new ones. 

There are two main difficulties with using antisperm antibodies to identify pro- 
tein targets. Firstly, the nature of the antisperm antibody response in the infertile 
patient is very poorly understood. Secondly, as a result of this, our techniques/ 
assays to detect functional antisperm antibodies is limited (see for review Chiu and 
Chamley, 2004). However, with improved diagnosis of immune infertility and 
rapid developments in proteomic technology, specifically identification of mem- 
brane proteins, this strategy is likely to lead to the discovery of some interesting 
contraceptive candidates. 

Other than the above, there have been very few studies that have employed pro- 
teomic approaches to examine male infertility. A small number of studies have 
attempted initial characterisation of the sperm plasma membrane (Shetty et al., 
2001). Further studies have examined specific processes, for example calcium- 
binding proteins and proteins that are tyrosine phosphorylated (Ficarro et al., 
2003; Naaby-Hansen et al., 2002). Interestingly, it is over 10 years since the discov- 
ery of tyrosine phosphorylation as a putative marker of capacitation yet the role of 
the proteins and their sequence of activation is very sketchy and, with the excep- 
tion of the A-kinase anchoring proteins (AKAPs) (AKAP3 and AKAP4), only a 
small number of candidate proteins have been identified (see Naz and Rajesh, 
2004). However, some progress is being made. For example, Gary Olson has 
identified the phospholipid hydroperoxide glutathione peroxidase in hamster 
sperm as being phosphorylated on tyrosine residues during capacitation (Nagdas 
et al., 2005). However, we are still a long way from obtaining even a minimal 
‘picture’ of events. 

The slow progress/application of the proteomic revolution in human spermatozoa 
contrasts markedly with other fields. A relevant example is the large-scale proteomic 
studies on human cilia (e.g. Ostrowski et al., 2002). Estimates from Chlamydomonas 
suggest there are at least 250 flagellar proteins. In close agreement, Ostrowski and 
colleagues were able to identify 200 ciliary axonemal proteins, some of which were 
sperm/testis specific (e.g. Sp17). Using the aforementioned as a foundation, more 
detailed and efficient studies of human sperm are likely. 
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Table 3.1. Assessment of variation of the sperm proteome by automated gel analysis 


Number of spots with increased Number of spots absent 
Total number of or decreased expression on one from one gel compared 

Experimental spots detectedin gel compared to the other to the other (percentage 
comparison reference gel (percentage of total spot number) of total spot number) 
Same ejaculate 1087 58 (5.3) 14 (1.3) 
Different ejaculates 

Same donor 1175 84 (7.1) 16 (1.4) 

Different donors 882 67 (7.6) 16 (1.8) 
Fertile donor and 963 36 (4.0) 48 (5.0) 

patient A (28 unique to control; 


20 unique to patient) 


Experimental, intra-donor, inter-donor and patient versus control variation was assessed by gel analyses of 


four gel pairs using Phoretix Evolution software. Increased and decreased expression was defined as a greater 


than 4-fold difference in spot intensity between the two gels. 
Adapted from Pixton et al. (2004). 


In our laboratory we have been using proteomic strategies to identify defects in 
sperm function responsible for fertilisation (Lefievre et al., 2003, 2004; Pixton 
et al., 2004). Specifically we are interested in identifying differences in sperm protein 
expression between control (fertile) men and patients with spermatozoa that failed 
to fertilise oocytes in vitro. Our initial studies have focused on a 2D gel-based 
approach and developing a series of fertile controls (with several ejaculates) in 
order to determine if any differences observed in the patient samples are real. 
Initial results are interesting. To our surprise, there was relatively little intra-donor 
and inter-donor variation (1.4% and 1.8% of the total number of spots identified, 
respectively) (see Table 3.1). However, differences between gels do occur and when 
accounting for this, we have categorised one man (Pixton et al., 2004) where we 
have identified 20 differences between the control that we are confident represent 
true differences. 

However, our approach is very limited. A combination of proteomic approaches 
is required. For example, Ostrowski and colleagues (2002) only identified 38 poten- 
tial proteins using 2D PAGE. A number of proteins were not resolved (e.g. dynein 
heavy chains which have a large molecular mass) and complementary approaches 
were needed to provide a detailed picture. 1D gels identified another 110 proteins. 
A second approach involved isolated axonemes, followed by digestion and analysis 
directly by liquid chromatography with tandem mass spectrometry (LC/MS/MS) or 
multi-dimensional LC/MS/MS. This led to the identification of a further 66 
proteins. In conclusion, more than one proteomic strategy needs to be employed. 
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In studies we have performed on the human zona pellucida, we had to try several 
different methods to definitively identify ZP1 as a fourth zona protein. The most 
successful approach used trypsin digestion followed by direct MS/MS (Conner 
et al., 2005; Lefievre et al., 2004). A further difficulty in comparing sperm samples 
(e.g. patient versus control), is exactly how to do this. Our initial studies have used 
gel-based software. While impressive (see Fig. 2 Pixton et al., 2004) what is really 
required is comparison between the samples run and analysed simultaneously (i.e. 
internal controls). Such proteomic technologies now exist. Interestingly, Baker and 
colleagues (2005) analysed post-translational modifications occurring during sperm 
maturation in the rat using differences in two-dimensional gel electrophoresis 
(DIGI). This used resolvable cyanine dyes to compare samples. Eight unambiguous 
proteins were identified and one (B subunit of the mitochondrial F1ATPase) was 
shown to be serine phosphorylated as sperm transit the epididymis. 

There have been several proteomic studies to determine the content of seminal 
plasma (Starita-Geribaldi et al., 2003a, b). In addition to the obvious application in 
the diagnosis of prostate cancer (Fung et al., 2004), the seminal plasma proteome 
may provide an additional tool in the diagnosis of spermatogenesis defects (Pointis 
et al., 2003) and, changes in profile associated with genito—urinary tract infections. 


3.4 Mouse models for male infertility: the role of knockout mice 


Mouse models with an infertility phenotype are being published with increased fre- 
quency. These numbered over 200 in 2002 and are described in a excellent compre- 
hensive review by Matzuk and Lamb (2002). Genotypes affecting fertility are also 
being reported in on-line databases, for example see The Jackson Laboratories 
Reproductive Genomics: Mutant Mouse Models of Infertility (http://reprogenomics. 
jax.org/) or http://www.germonline.org. 

In this section we discuss in greater detail a selection of these gene products and 
their associated phenotypes that impact on sperm function. We concentrate par- 
ticularly on those proteins that are affecting sperm transport, capacitation and 
initial interaction with the egg vestments (see Fig. 3.1). 


3.4.1 Akap4 


The Akap4 gene encodes an AKAP and is only expressed in spermatogenic cells. 
AKAPs are associated with the regulatory domains of cAMP-dependent kinases 
(protein kinase A, PKA) and AKAP4 is the major fibrous sheath protein of the 
principal piece. It is thought that the AKAP4 protein has a role in the recruitment 
of PKA to the fibrous sheath where it regulates flagellar function through localised 
phosphorylation (Miki and Eddy, 1998, 1999). 
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Fertilin: Loss of fertilin a, fertilin B 
subunits or the chaperone protein 
calmegin lead to defects in oviductal 
transport and binding to the zona 
pellucida and egg plasma membrane. 


tACE: Releases GPl-anchored 
proteins. Involved in interaction 
with the oviductal epithelium and 
sperm-zona pellucida binding. 


PAF receptor: PAF is an 
autocrine mediator of 


ASM: Loss of ASM leads to membrane 
disruption, mitochondrial depolarisation 


capacitation. 


stability. 


and failure to capacitate. x 

e > PAF 
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Outer 
dense fibre 
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Bin1b: A B defensin acquired in the caput 
epididymis. Activates L-type Ca?* channels. 


PMCA4: Ca?* extrusion activity is needed 
for hyperactivation. Loss of PMCA4 causes 


Fibrous sheath mitochondrial condensation. 


AKAP4: Scaffolding protein 

for localisation of components 
of signalling and glycolytic 
pathways to the fibrous sheath. 
In particular, PKA which is 
important for sperm motility. 


CatSper1/CatSper2: Ca?* uptake 
via CatSper channels is crucial for 
hyperactivation. 


Figure 3.1 


A schematic diagram of a spermatozoon illustrating the location and effect of gene 
deletion experiments in the mouse. Particular emphasis is placed on the process of sperm 
capacitation and transport in the female tract and interaction with the egg vestments 


Disruption of the Akap4 gene therefore provides an alternative method for study- 
ing the role of PKA in spermatozoa as well as the function of the AKAP4 protein 
itself. Akap4 gene knockout mice are infertile; although they produce normal sperm 
numbers they are all immotile (Miki et al., 2002). Fibrous sheath formation does 
not go to completion, resulting in sperm with a reduced principal piece diameter 
and a shortened flagellum. A redistribution of and a reduction in the amount of 
PKA were also suggested to be a factor in the loss of sperm motility in the mutant 
mice. A further study (Huang et al., 2005) examined the effect of the Akap4 null 
mutation on intracellular distribution of a number of signalling proteins suggested 
to interact with AKAP4. In the mutant mice there was disruption of the distribution 
of PKA (both regulatory and catalytic subunits), phosphatidylinositol 3-kinase (PI 
3-kinase) and sperm autoantigenic protein 17 (SP17) suggesting that these proteins 
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are associated with the fibrous sheath. Whilst the subcellular distribution of the 
gamma catalytic subunit of protein phosphatase 1 (PPIy2) was unchanged, a 
decrease in the phosphorylation of the protein and an increase in PPIy2 activity 
were observed. The authors postulate that the decrease in the phosphorylation of 
PPIy2 may reflect the lower ATP levels observed in the Akap4 knockout mice. A 
number of glycolytic enzymes are anchored to the fibrous sheath (Eddy et al., 2003; 
Miki et al., 2002) and it is therefore probable that in the mutant mice the process of 
glycolysis is disrupted which is known to have an impact on sperm function. 

It is clear that the fibrous sheath has more than a structural role. The effects of 
disrupting the Akap4 gene suggest that AKAP4 positions PKA in proximity to its 
target protein and also anchors a number of signal transduction proteins and 
components of the glycolytic pathway that are essential for sperm function. 


3.4.2 Vdac3 


Voltage-dependent anion channels (VDACs) are found in the outer mitochondrial 
membrane of all eukaryotes. They are small (30kDa) channel proteins that are 
involved in the translocation of metabolites and are sometimes also referred to as 
mitochondrial porins. There are three mammalian Vdac genes encoding VDAC1-3 
proteins (Decker et al., 1999; Sampson et al., 1997). Targeted mutation of Vdac3 
causes male infertility (Sampson et al., 2001). Normal numbers of spermatozoa are 
produced but motility is decreased (approximately 25% of wild type). The mutant 
mice also have defects in oxidative phosphorylation in skeletal muscle. Electron 
microscopy revealed structural defects in two thirds of the sperm axonemes; often 
the loss of a single microtubule doublet. The defect was rarely observed in testicu- 
lar sperm but developed with maturation of the sperm in the epididymis. These 
mice demonstrate that functional mitochondria are required for the correct 
formation of the axonemes with resultant effects on sperm motility and fertility. 


3.5 Sperm transit in the female tract 


Following ejaculation spermatozoa have to traverse the female tract to bind and 
fertilise the ovulated oocyte — a journey that we know almost nothing about 
(review De Jonge, 2005). An important factor in this migration is sperm motility 
and the subsequent development of hyperactivation. 


3.5.1 Angiotensin-converting enzyme 


The Angiotensin-converting enzyme (ACE) is an upregulator of blood pressure 
through its peptidase activity (Hooper, 1994; Turner and Hooper, 2002). A testis- 
specific isoform of the enzyme exists that is found in both spermatids and sperma- 
tozoa. The male testis specific ACE-null mouse (fACE) was found to have reduced 
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fertility (Hagaman et al., 1998). The somatic ACE isoform appears to have no neg- 
ative effect on sperm function. Sperm from the tACE mutant mice show defective 
transport through the female tract despite having normal motility, sperm numbers 
and morphology. Additionally, binding to the zona pellucida was also impaired. 
The tACE is a membrane-bound protein and is lost from the membrane during 
capacitation (Kohn et al., 1995). This is as a result of proteolytic cleavage leaving 
a specific vestige on the sperm surface (Ehlers et al., 1996; Ramchandran et al., 
1994). It has been suggested that this loss of tACE may be important for the release 
of sperm from the oviductal epithelium. Interestingly, the ACE knockout mouse 
presents with a similar phenotype to null-mutations of cyritestin (Shamsadin et al., 
1999), fertilin B (Cho et al., 1998) and calmegin (Ikawa et al., 2001). These mutant 
mice may all have a common as yet undiscovered defect in the capacitation process. 
ACE has recently been shown to have an additional activity as a glycosyl- 
phospatidylinositol (GPI)-anchored protein-releasing enzyme (GPlase) (Kondoh 
et al., 2005). Comparison of immunoblots of sperm from wild type and ACE null 
mice identified two GPI-anchored proteins (Tesp5 and Ph-20) that are released from 
sperm. In the mutant mice these proteins are no longer released from the sperm 
membrane, implying that ACE acts to convert these proteins to their soluble form. 
Addition of ACE or peptidase-inactivated ACE to sperm from the ACE-null mice 
restored sperm—zona pellucida binding resulting in the birth of normal Ace +/— 
pups. These results imply that the release of GPI-anchored proteins is important for 
sperm-—zona binding; this may involve a sperm protein that becomes functional fol- 
lowing its release from its GPI-anchor or the unmasking of a zona-binding protein. 


3.5.2 Fertilin and calmegin 


Fertilin is a sperm surface protein member of the ADAM family comprising an 
a (ADAM 1) and B (ADAM2) subunit. Members of the ADAM family are proposed 
to have cell adhesion properties, protease activity or both (Blobel, 1997). Disruption 
of the fertilin B (Finb) gene had no effect on sperm number, morphology or motil- 
ity; and mutant sperm were able to undergo capacitation and spontaneous acro- 
some reaction. The fertilin a subunit of fertilin was also found to be absent from 
mature sperm in the fertilin B knockout mouse meaning that the results obtained 
cannot be attributed to the loss of fertilin B alone (Cho et al., 2000). Binding to the 
zona pellucida was completely diminished in these mice and binding of Ftnb-null 
sperm to zona-free eggs was reduced. Although the loss of fertilin a and fertilin B 
is clearly important for the adhesion of sperm to the egg plasma membrane, the 
inhibition is not total (Cho et al., 1998, 2000). Sperm from the knockout mice were 
also found to be defective in their migration into the oviduct. 

Calmegin is a testis-specific molecular chaperone protein homologous to the 
ubiquitous calnexin (Watanabe et al., 1994). Male calmegin—null male mice have 
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greatly reduced fertility even though spermatogenesis is morphologically normal 
(Ikawa et al., 1997). Since calmegin is not present after the final stages of spermato- 
genesis it cannot be directly participating in fertilisation events (Watanabe et al., 
1992; Yoshinaga et al., 1999) and is likely to act as a chaperone for essential sperm 
proteins. 

In vitro, mutant sperm do not bind to the zona pellucida but can fertilise eggs 
where the zona has been partially dissected, albeit at lower rates than wild type, 
suggesting that calmegin functions as a chaperone for the sperm surface proteins 
that mediate the interactions between sperm and egg. Further investigation of 
sperm function in the calmegin knockout mice showed that the sperm were also 
defective in migrating into the oviducts and in binding but not fusing to the egg 
plasma membrane (Ikawa et al., 2001), a phenotype closely resembling the fertilin 
B knockout mouse. Immunoprecipitation showed that calmegin bound to fertilin 
a and fertilin B during spermatogenesis. In the calmegin—null mice fertilin a and 
fertilin B were unable to undergo heterodimerisation and fertilin B was unde- 
tectable in the mature sperm. Similar effects of disrupting a chaperone protein on 
it’s substrate proteins have been observed when the loss of a functional calnexin 
lead to failure of the insulin receptor to homerdimerise and the loss of the recep- 
tor from the cell surface (Bass et al., 1998). The calmegin/fertilin mutant animals 
will provide an excellent tool to improve our understanding of the molecular 
nature of sperm transport to and within the oviduct. 


3.6 Capacitation and hyperactivation 


3.6.1 Platelet activating factor 


Platelet activating factor (PAF) or 1-O-alkyl-2-acetyl-sn-glyceryl-3-phospho- 
choline is a signalling phospholipid involved in diverse events (see for review Prescott 
et al., 2000). PAF is hydrolysed by a specific phospholipase, PAF-acetylhydrolase. It 
comprises two catalytic domains (al and a2) and a LIS1 domain. Mutant mice 
with targeted disruption of the catalytic domains both individually and together 
have been generated (Koizumi et al., 2003). a1-deficient mice are indistinguishable 
from wild type, whilst «2-deficient mice are infertile with disruption of early 
spermiogenesis (Yan et al., 2003). The double knockout mice were infertile with a 
significant loss of germ cells early in spermatogenesis. Levels of LIS1 were also 
decreased in the double mutant. 

PAF has also been implicated later in the reproductive process as a possible 
autocrine mediator of capacitation (Wu et al., 2001). PAF is present in spermatozoa 
and is released during in vitro capacitation (Angle et al., 1991; Wu et al., 2001). A PAF 
receptor has been found in sperm of all mammalian species studied, including 
human (Angle et al., 1991). Importantly, the addition of PAF significantly improves 
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success at IUI although the mechanisms of this are as yet unknown (Roudebush 
et al., 2004). 

A PAF receptor knockout mouse was created by homologous recombination 
that had greatly reduced rates of capacitation as assessed by the rate of spontan- 
eous acrosome reaction but was still capable of in vivo fertilisation (Ishii et al., 
1998). However, sperm from the null mouse had much lower in vitro fertilisation 
success than wild-type sperm. 


3.6.2 Acid sphingomyelinase 


Mutations in the acid sphingomyelinase (ASM) gene cause Niemann—Pick disease 
(NPD). ASM breaks down sphingomyelin to ceramide and phosphorylcholine. 
Disruption of the ASM gene in mice causes a number of defects in the spermatozoon 
(Butler et al., 2002). Sperm plasma, mitochondrial and acrosomal membranes are 
disrupted, with elevated levels of sphingomyelin and cholesterol and mitochondrial 
membrane depolarisation. This lipid accumulation leads to morphological abnor- 
malities in the flagellum with consequent effects on motility. Also, the sperm also fail 
to complete capacitation. It is known that loss of cholesterol from the sperm plasma 
membrane is a key process during capacitation (Cross, 1998) and also that the levels 
of sphingomyelin in the membrane can affect the rate of capacitation (Cross, 2000). 


3.6.3 CatSperl/CatSper2 


Spermatozoa contain several Ca** permeable channels however only one family 
has unequivocally been shown to be required for male fertility; the CatSper-channels 
are localised to the plasma membrane of the principal piece of the flagellum. 
CatSper1 (Ren et al., 2001) and CatSper2 (Quill et al., 2001, 2003) are both sperm- 
specific. They are characterised by six membrane-spanning regions, similar to the 
voltage-dependent K* channels, but with a pore region and overall homology 
more like the voltage-dependent Ca”* channels (Ren et al., 2001). 

Both Catsper1 and CatSper2 have been the subject of targeted disruption to gen- 
erate knockout mice (Carlson et al., 2003; Quill et al., 2003; Ren et al., 2001). 
CatSper mutant mice have normal spermatogenesis, sperm concentration and 
sperm morphology. Although mutant sperm are capable of undergoing capacita- 
tion and acrosome reaction they are unable to undergo hyperactivation. Consistent 
with this, the null sperm were able to fertilise zona-free but not zona-intact eggs 
in vitro. These results support the hypothesis that the Ca?* entry crucial for the con- 
trol of hyperactivation of motility is control by the CatSper channels. It is tempting 
to suggest that the CatSper proteins interact to form a channel but there is presently 
no evidence to support this. The two proteins do not co-precipitate, nor do they 
co-localise in the flagellum and they are expressed at different times during spermato- 
genesis (Quill et al., 2001; Ren et al., 2001; Schultz et al., 2003). 
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Although it is possible to ‘routinely’ record channels from the human sperm head 
(Gu et al., 2004), it is currently not technically possible to directly measure ion chan- 
nels on the principal piece. Several groups have attempted heterologous expression 
of Catsperl and Catsper2 but have been unable to detect currents, even when the 
two proteins are co-expressed, perhaps indicating that there are other components 
to the channel or accessory proteins (Quill et al., 2001; Ren et al., 2001). 


3.6.4 PMCA4 


Plasma membrane Ca**-ATPases (PMCA) are Ca?* extrusion pumps involved in 
the regulation of intracellular Ca** levels (Carafoli and Chiesi, 1992; Garcia and 
Strehler, 1999). In mammals four distinct genes encode four isoforms of the pro- 
tein. PMCA1 and PMCA4 are expressed in most adult tissues and both have been 
the subject of targeted mutation to generate knockout mice (Okunade et al., 2004; 
Schuh et al., 2004). Disruption of Pmca1 was embryo lethal, indicative of an essen- 
tial housekeeping or developmental function. Loss of PMCA4 resulted in male 
infertility with very low numbers of sperm successfully traversing the female tract 
(Schuh et al., 2004). Under non-capacitating conditions, sperm from the Pmca4- 
null mice resembled wild type sperm. However under capacitating conditions these 
sperm were found to be incapable of undergoing hyperactivation. The sperm had 
increased mitochondrial condensation suggestive of Ca?* overload (Wennemuth 
et al., 2003) and also had a 2.5-fold increase in resting [Ca**];. PMCA4 is localised 
mainly to the principal piece of the flagellum placing it in close proximity to the 
CatSper proteins, which also function in sperm motility (see above). 


3.7 Sperm-zona pellucida interaction 


Many sperm proteins have been proposed as candidates for the zona pellucida 
receptor. A number of mutant mouse lines with deficient zona pellucida binding 
have been produced that have other sperm defects, for example ACE, calmegin, 
ADAM2 (see above). 


3.7.1 Phospholipase C84 


Phospholipase C (PLC) catalyses the hydrolysis of phosphatidylinositol-4,5- 
bisphosphate to 1,4,5-triphosphate and diacylglycerol. Of the 11 mammalian PLC 
homologues identified, PLC64 is evolutionarily the most primitive. In sperm, 
PLC64 is localised to the anterior acrosome of the head. Targeted disruption of the 
PLC64 gene primarily affects male fertility (Fukami et al., 2001, 2003). Spermato- 
genesis and other sperm parameters appear normal but homozygous-null males 
produced fewer and smaller litters in vivo and, in vitro, fewer eggs were fertilised. 
The majority of sperm from the PLC64-null mice could not fuse with zona-free 
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eggs but fertilisation was achieved by intracytoplasmic sperm injection (ICSI). 
Fukami and colleagues (2003) showed that the defect in PLC84 knockout animals 
related to defective influx of calcium and abnormal mobilisation of calcium stores. 
In addition, the spatio-temporal dynamics were also impaired. Barratt and Publicover 
(2001) outlined the similarity between the pathology (and putative signalling 
mechanisms) of these mice and those in men with defective zona-induced acrosome 
reactions, however as yet no detailed studies have been performed. 


3.8 Translating mouse models to the human: how do we go 
from knockout to diagnosis of male fertility 


It would appear easy to screen men with specific phenotypes of infertility for genes 
that have been knocked out in mice and show male subfertility. Technically it is not 
difficult. Why then don’t we have a plethora of genetic defects being reported? The 
reasons are multi-factorial and include (1) differences in gene function between 
mouse and man, (2) the mode of inheritance does not follow traditional genetic 
pathways and (3) redundancy of the reproductive process. In addition to this there 
are specific issues that make the translation of information from the knockout to 
human challenging. To illustrate this we use the example of globozoospermia. 

Globozoospermia (round headed spermatozoa) is a well known but extremely 
rare condition. The majority of men have almost normal sperm concentrations 
with a relatively high proportion of motile spermatozoa; however, abnormalities in 
sperm binding to the egg vestments necessitate the use of ICSI to achieve concep- 
tion. To date, there is no clear explanation for the underlying cause(s). Although 
not a frequent observation, globozoospermia has been reported to occur within 
families (Kilani et al., 2004) and, as with some other severe forms of terato- 
zoospermia there is a suggested higher incidence in families with consanguinity 
(Baccetti et al., 2001; Pirrello et al., 2005). 

There are examples of knockout animals with severe teratozoospermia, which 
may provide clues to the genetic origin of globozoospermia. Mice lacking the 
casein kinase II a! catalytic subunit are infertile and have sperm morphology simi- 
lar to that manifested in globozoospermia (Xu et al., 1999). Several other knockout 
mice have also been reported that demonstrate a similar phenotype, for example 
Golgi-associated PDZ- and coiled-coil motif-containing protein (GOPC) (Yao et al., 
2002) and Hrb (Kang-Decker et al., 2001). So what complicates the identification 
of genes causing globozoospermia if we have three candidate genes? 

Firstly, globozoospermia is not a single pathology, as different men with the con- 
dition can show a wide spectrum of phenotypes. For example, some reports 
describe clear abnormalities in the nucleus, presumably in chromatin packaging 
(Vicari et al., 2002), while others do not (Larson et al., 2001). Even in siblings with 
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globozoospermia, there can be very significant differences. For example, in a 
case study of two brothers with globozoospermia, Carrell and colleagues noted 
profound differences in cytoplasmic organisation, aneuploidy rates and nuclear 
protein extracts (Carrell et al., 1999). Additionally, some studies report globo- 
zoospermia with 100% of the spermatozoa with round heads, while other studies 
report globozoospermia when only a majority have round heads. There is also 
variation over the presence of an acrosome or at least the remnants of an acrosome. 
The variety in pathology may be reflective of the different underlying causes, which 
may manifest themselves in the varying success at ICSI. However, what is clear is that 
a strategy to screen for gene(s) that reportedly are manifested as globozoospermia in 
mice is not likely to be translatable to human, where screening more than one man 
with globozoospermia is absolutely required to obtain very detailed profiles. 

Secondly, more detailed studies of the nature of the defect in the mouse are 
required. These are now appearing. The Hrb ‘~ mouse actually shows a multitude 
of sperm morphology defects including multi-flagellation, super-numerary centri- 
oles and multi-nucleation (Juneja and van Deursen, 2005). Studies of the GOPC /~ 
mouse have examined the failure in spermatids to form perinuclear structures (Ito 
et al., 2004) and how defects in the posterior ring lead to the expression of coiled 
tails that are manifested in the epididymis (Suzuki-Toyota et al., 2004). Clearly, 
referring to these mice as having a globozoospermia phenotype is too simplistic. 

Perhaps not surprisingly in view of the above, examination of men with globo- 
zoospermia for mutations in casein kinase II& (encoded by Csnk2a2 gene) have 
not been fruitful. Pirrello examined for mutations in both Csnk2a2 and Csnk2b 
genes in six patients with globozoospermia and 10 controls (Pirrello et al., 2005). 
No mutations were identified. Consequently, if screening subfertile men for genes 
that have been knocked out in mice is to be more successful there needs to be 
rigorous study of both the mouse and human phenotype. 

Successful examples of identifying gene defects in subfertile men by screening for 
genes knocked out in mice have been reported. The null mutation for SYCP3 that 
encodes a component of the synaptonemal complex is manifested as azoospermia 
with meiotic arrest. Miyamoto and colleagues screened 19 azoospermic patients 
with meiotic arrest and azoospermia (Miyamoto et al., 2003). In two patients a 1 bp 
deletion that resulted in a premature stop codon and truncated protein was identi- 
fied. This was the first autosomal gene previously show to be targeted mutation in 
mice that has been identified with male infertility. 


3.9 What's the future for the diagnosis of sperm dysfunction and 
male infertility? 


There are three platforms for progress. Firstly, a comprehensive high quality semen 
assessment is the cornerstone of male infertility assessment and all efforts should be 
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made to improve standards of semen assessments. Secondly, global co-ordinated 
gene expression and proteomic studies are timely and now required. The informa- 
tion gained from such projects will be overwhelming and it is essential that inte- 
grated web-based programmes continue to evolve to assist the researcher in 
understanding the broader context of their findings. Thirdly, rapid developments in 
chip (microarray and proteomic) based diagnostics will be made but their use must 
be rigorously tested in the clinical environment. Male infertility has suffered too long 
from trials of new diagnostics that have little or no power to answer the question. 

In conclusion, the diagnosis and treatment of male infertility is at a very exciting 
stage. The prophesied molecular revolution (see Cram and De Kretser, 2002) has 
now arrived and andrology will be a very different field in 5 years time. 
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4.1 Introduction 
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The current success of assisted reproduction using testicular sperm extraction may 
give the impression that the human epididymis is not necessary for the develop- 
ment of the fertilising capacity of spermatozoa. However, as all assisted reproduc- 
tion techniques bypass the epididymal processes refined over millions of years of 
evolution to permit internal fertilisation naturally (Jones, 2002), this argument is 
disingenuous (see Cooper, 1990). Certainly, the scarcity of intact human epi- 
didymides and the unavailability of biopsies (Schirren, 1982) has delayed research 
on this organ in comparison with that on the human testis, but organs from autop- 
sies and accident victims and at operations for prostatic carcinoma, radical prosta- 
tectomy and organ transplantation have provided information. The human 
epididymis does not present clear-cut divisions into head (caput), body (corpus) 
and tail (cauda) as in other species (Fig. 4.1) and the structural complexity of the 
human epididymal caput (Yeung et al., 1991) and the uncertainty of which regions 
have been sampled in many studies leave the field less clear than it could be. Unlike 
the mouse, where the expression is confined to the proximal caput epididymidis 
(Sonnenberg-Riethmacher et al., 1996), the proto-oncogene c-ros is expressed along 
the length of the human epididymis (Légaré and Sullivan, 2004). Nevertheless, the 
accumulated data obtained from these studies and reviewed here reveal a pattern of 
sperm maturation not unlike that found in other animals that have been studied 
more systematically. 

This chapter updates the information relating to the changes that occur to sperm- 
atozoa during maturation in the human epididymis that add to our knowledge 
about the mechanisms by which the epididymis influences the maturing spermato- 
zoa. The application of molecular biology techniques to the human epididymis has 
provided evidence of many novel proteins over the last 15 years. From this literature 
it is evident that spermatozoa are subjected to an ever-changing environment in the 
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(A) 


Figure 4.1 Photographs of the human epididymis from (A) TG Cooper and CH Yeung, unpublished; 
(B) Turner (1997) and (C) Bedford (1991), with kind permission of Springer Science and 
Business Media. Note the poor demarcation of caput, corpus and cauda, and the 
distended caput in (C) 


epididymis and come sequentially into contact with proteins that have the potential 
to modify sperm—egg interactions. Recently, observations made on infertile trans- 
genic mice have highlighted the importance of volume regulation in male fertility, a 
property acquired by spermatozoa within the primate epididymis. This work has 
suggested new functions for the high concentrations of low-molecular weight 
organic compounds found in epididymal fluid. 


4.2 Sperm maturation in the human epididymis 


4.2.1 Sperm transit 

Estimates of the time taken for sperm to migrate through the human epididymis 
vary from a mean of 11 days (range 1-21) by thymidine labelling of spermatozoa 
(Rowley et al., 1970) to shorter values of 3—4 days (Amann and Howards, 1980; 
Johnson and Varner, 1988) from measurement of extragonadal sperm reserves. 
Faster transit (up to 2 days) was estimated for men with large daily sperm produc- 
tion (Johnson and Varner, 1988). Such rapid transit may be caused by the paucity 
of spermatozoa, as human epididymal fluid is not viscous (Turner and Reich, 
1985). Interestingly, rapid transit is also the norm for the chimpanzee (Smithwick 
et al., 1996) in the very different situation of a large testis size and high sperm 
production rate. 
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Figure 4.2 
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Region of the epididymis 

Maturation of spermatozoa in the human epididymis. Various functional parameters 

(ordinate) are plotted for sperm obtained from different epididymal regions (abscissa): 

(A) normal forms (Soler et al., 2000); (B) sperm head morphometry (Soler et al., 2000); 

(C) motility and kinematics (Yeung et al., 1993); (D) sperm-zona binding (Delpech 

et al., 1988; Moore et al., 1992); (E) acrosome reactions (Yeung et al., 1997a); 
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4.2.2 Morphology 


4.2.2.1 Sperm heads 


Subjecting human epididymal sperm to the same procedures as ejaculated sperm 
for morphological analysis (air-drying smears) results in artefactual swelling of the 
heads of many sperm from the caput region (Soler et al., 2000; Yeung et al., 1997a) 
but not those from the cauda epididymidis. This maturational change in the abil- 
ity to resist air-drying was an unexpected demonstration of a maturational change 
that also affects primate spermatozoa (Gago et al., 2000). Thus, the presence in 
human ejaculates of some spermatozoa with ‘acorn-shaped’ heads (Ludwig and 
Frick, 1987) may be indicating the appearance of immature spermatozoa in the 
ejaculate, as a consequence of abnormal epididymal function. Ignoring the obvi- 
ously swollen types, the percentage of spermatozoa with normal heads still 
increases upon maturation (Fig. 4.2A), not as a result of removal of abnormal cells 
by the epididymal epithelium (Cooper et al., 2002; Sutovsky et al., 2001) but by the 
transformation into a more resistant cell type. Increased intramolecular disulphide 
bonding within sperm during transit through the epididymis (Bedford et al., 1973) 
may permit maturing sperm to withstand the stresses associated with air drying. 

The dimensions of the heads of the non-swollen sperm also changes upon mat- 
uration (Fig. 4.2B). This cell shrinkage may reflect dehydration caused by high 
intraluminal osmotic pressure, but little is known about this in man with values of 
342 mmol/kg being reported for fluid obtained from the human vas deferens 
(Hinton et al., 1981). As the osmolality of fluid entering the human epididymis is 
280 mmol/kg (Table 4.1) this represents a 22% increase in osmolarity experienced 
by cells during their epididymal sojourn. An increase in compactness of nuclear 
contents may also explain the decrease in head size (see Fig. 4.2H). 


4.2.2.2 Cytoplasmic droplets 


A distinction needs to be made between the cytoplasmic droplets of morphologic- 
ally normal cells and excess residual cytoplasm of abnormal cells (Cooper et al., 
2004). The air-drying procedure of seminal smears routinely employed for the 
morphological analysis of human spermatozoa has recently been shown to be 
inadequate for the preservation of normal cytoplasmic droplets on the majority of 
spermatozoa in fixed preparations (Cooper et al., 2004). The human seems to be 


Caption for fig 4.2 (cont) (F) acrosin content (Haidl et al., 1994); (G) sperm—egg fusion 
(Moore et al., 1983); (H) chromation condensation (Golan et al., 1996; Haidl et al., 1994); 
(I) fertilisation after epididymovasostomy (Fogdestam et al., 1986; Schmidt et al., 1976); 
(J) fertilisation in vitro (Patrizio et al., 1994). Regions are 1: efferent ducts (testicular 
sperm in spermatocoeles); 2: proximal caput; 3: distal caput; 4: proximal corpus; 5: mid 
corpus; 6: distal corpus; 7: proximal cauda; 8: distal cauda 
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Table 4.1. Composition of fluid ‘entering and “leaving the human epididymis 


Parameter Units IRTF 3Ref. 2CEP/VDF 3Ref. 
Osmolality mmol/kg 280 1 342 6 
Protein mg/ml 3.4 2,3 28.7 7 
Kt mM 5.9 2 111 6 
Na* mM 148 2 30 6 
Ca** mM 2.1 2,3,4 1.5 8 
C mM 139 2 103 6 
Phosphate uM 27.3 2 24.4 6 
Androgens nM 66 2 0.28 9 
Carnitine mM 2 5.5 6,10 
Inositol mM 5 5.9 6 
GPC mM 2 0 6 


'RTF: spermatocoele fluid; 2CEP: cauda epididymidal fluid; "VDF: vas deferens fluid. 
References 
1. TG Cooper, unpublished data + data cited in Cooper and Yeung, (2003) 
Cooper et al. (1992) 
Huggins and Johnson (1933) 
Quinlivan (1968) 
A Pruneda and TG Cooper, unpublished data 
Hinton et al. (1981) 
Turner and Reich (1985) 
Morton et al. (1978) 
Adamopoulos et al. (1979) 
DE Brooks and SS Howards, cited in Brooks (1979). 
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peculiar in regard to the location of this droplet (at the neck and not the annulus 
as in other mammals) on mature spermatozoa in the ejaculate. One of the earliest 
electron micrographs showed a neck droplet on human epididymal spermatozoon 
(Anberg, 1957) and well fixed seminal preparations display the same (Holstein and 
Roosen-Runge, 1981). Spermatozoa leaving the human testis present in fluid 
collected from epididymal spermatocoeles, which are in reality accumulations of 
testicular fluid (Cooper et al., 1992), also bear droplets at the neck (Fig. 4.3). The 
failure of droplet migration along the midpiece in man may reflect a heat stress 
secondary to the wearing of clothes (JM Bedford, personal communication), since 
spermatozoa from the ascrotal shrew, with an inguinal testis and epididymis, dis- 
play neck droplets after imposition of abdominal temperature via cryptorchidism 
(Bedford et al., 1982). The failure of migration could conceivably reflect the low 
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(A) 


(B) 


Figure 4.3 Photomicrograph of (A) a human testicular spermatozoon (obtained from an epididymal 
spermatocoele) and (B) an ejaculated spermatozoon, both fixed in glutaraldehyde. Bars 
5 pm. Note the location of the cytoplasmic droplet at the neck region both before and 
after epididymal transit 


sperm concentration within the epididymal lumen, which reduces the shear forces 
incumbent upon more highly packed spermatozoa, since the migration of the droplet 
along the midpiece can be induced by centrifugation of porcine and caprine testic- 
ular spermatozoa (Kato et al., 1983, 1984). 


4.2.2.3 Sperm tails 
Haid] et al. (1993) have suggested that abnormal sperm tail morphology is related 
to human epididymal dysfunction, but causal relationships were not discussed. 


4.2.3 Motility 
Within the human epididymis spermatozoa are held immotile, not by the viscosity 
of the fluid (Turner and Reich, 1985) but presumably by low pH (Carr et al., 1985), 
and they are activated to motility upon release into female tract or physiological 
fluids. Sperm obtained from epididymal spermatocoeles are weakly motile (Cooper 
et al., 1992), as are those obtained in the caput epididymidis (Yeung et al., 1993). 
Belonoschkin (1943) examined the duration and intensity of motility in vitro of 
sperm released from epididymides obtained from 21—44 year-old men within 1-5 h 
of death. The duration was far higher for sperm from the cauda (18.7 h) than those 
from the caput (4.6h) or testis (2.1 h). These suggestions of a maturation in motil- 
ity from observations on duration of motility have been extended to motility analy- 
sis at one time point for spermatozoa obtained from several regions of the human 
epididymis from older men undergoing castration for prostatic carcinoma. The 
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percentage of motile sperm (assessed subjectively upon release into suitable 
medium) increases as they pass through the epididymis but in the old men exam- 
ined, a decrease in motility of sperm was observed when recovered from the cauda 
(Fig. 4.2C). This is thought to reflect the ageing population of sperm stored there 
that had not been voided in these patients. Computer-aided sperm motion analysis 
reveals improved progressive swimming reflecting an increased velocity and linear- 
ity of the sperm tracks (Fig. 4.2C). The velocity of the sperm from the corpus are as 
fast as those of ejaculated (caudal) sperm from younger men, attesting to the nor- 
mal functioning of the epididymis in these old patients. Initiation of motility may 
be a time-dependent phenomenon, rather than a result of epididymal secretions, 
since sperm recovered from the testis and caput are only motile after ductal occlu- 
sion (Jow et al., 1993) and sperm obtained by testicular biopsy become motile upon 
in vitro incubation (Emiliani et al., 2000). Whether this improvement occurs in the 
absence of epididymal secretions is not so clear since a proximal reflux of epididy- 
mal secretions could occur in situations where ductal occlusion prevents normal 
distal movement of spermatozoa through the lumen. The epididymal region where 
sperm motility normally develops is shifted proximally after vasectomy (Mooney 
et al., 1972) or ductal occlusion (Mathieu et al., 1992) and motile sperm are recov- 
ered in the testis only when the attached epididymis is occluded (Jow et al., 1993). 


4.2.4 Sperm-zona binding 


The first results on the binding of human epididymal spermatozoa to the human 
zona pellucida did not detect differences in binding capacity between caput and 
cauda (Delpech et al., 1988; Fournier-Delpech and Guérin, 1991) (Fig. 4.2D). This 
was most likely due to the non-physiological conditions employed (low tempera- 
ture to reduce the velocity of the more mature cells in order to remove bias towards 
them by the greater number of sperm—egg collisions with more motile cells). When 
accepted capacitation conditions are used, a marked difference between the bind- 
ing ability of caput sperm, which are unable to bind to the zona, and ejaculated 
spermatozoa (originating from the cauda epididymidis) which can, is evident (Fig. 
4.2D). The co-culture with epididymal epithelium promotes the zona-binding 
ability of caput epididymidal spermatozoa (Moore et al., 1992), implying the 
secretion from the epithelium of proteins taken up by spermatozoa under these 
conditions. The elution from spermatozoa by high salt treatment of proteins that 
can improve the zona-binding ability of other spermatozoa incubated with them, 
confirms that superficially orientated, electrostatically bound proteins are involved 
in zona binding (Jean et al., 1995). Human epididymal proteins implicated in the 
binding of sperm to the zona pellucida are listed in Table 4.2. The protein for which 
most evidence is available is P34H, a glycosylphospatidylinositol (GPI)-anchored, 
membrane-intercolated protein. 
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4.2.5 Acrosome reaction 


The zona pellucida stimulates the spermatozoon to undergo the acrosome reaction 
(a fusion of the plasma membrane and the outer acrosomal membrane and eventual 
loss of the vesicles formed). In the absence of large numbers of human zonae, and the 
failure of recombinant human ZP3 to be of benefit, calcium ionophore has been 
used to mimic the increased intracellular calcium normally induced by the zona. The 
percentage of spontaneously acrosome-reacted human epididymal sperm is high but 
similar for sperm from all epididymal regions but upon challenge with ionophore, 
the response of cauda cells is greater than that of corpus cells and caput sperm do not 
respond at all (Fig. 4.2E). Clearly a change in the response of the cells to calcium 
influx occurs upon maturation that results in their being able to acrosome react. 
Epididymal sterol binding and lipid binding proteins (see Table 4.2) are capable of 
making membranes more fluid, which is a prerequisite for acrosomal vesiculation. In 
this regard it is interesting to note that human epididymal dysfunction has been 
associated with abnormally high sperm membrane rigidity (Wiese et al., 1996). 


4.2.6 Acrosin content 


The proteolytic enzyme acrosin within the acrosome is liberated and the bound 
enzyme exposed on the inner acrosome membrane after the acrosome reaction. 
The amount of acrosin in the head has been measured from the area of a gelatin 
film that is digested by the enzyme released from sperm dried on the film (Fig. 
4.2F). A smaller area of digestion is found around more mature sperm heads (Haid] 
et al., 1994), but this may indicate a shift from soluble to bound acrosin rather than 
a loss of enzyme or reduction in activity. Bedford (2004) has emphasised the need 
for propulsive thrust in zona penetration rather than lytic enzymatic action. 


4.2.7 Sperm oocyte binding and fusion 


Capacitated and acrosome-reacted spermatozoa are able to bind to and eventually 
fuse with the vitelline membrane after their passage through the zona. Using the 
ethically acceptable, species-insensitive zona-free hamster oocyte as surrogate, 
capacitated human epididymal spermatozoa display an increasing ability to bind 
to and penetrate the vitellus (Fig. 4.2G). These results may partly be explained by 
the increased incidence of acrosome-reacted sperm in the mature population, but 
still a difference between the response of corpus and cauda sperm, both of which 
can acrosome react, is evident. 


4.2.8 Chromatin condensation 


The condensation of chromatin that occurs during epididymal maturation has been 
monitored indirectly by the exclusion of dyes that bind to nucleoproteins (aniline 
blue binds to the remaining histones) or deoxyribonucleic acid (DNA) itself (acridine 
orange fluoresces green with native, double stranded, DNA but red with single 
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stranded DNA generated in DNA-denaturing acid conditions). With both methods 
a decrease in the accessibility of the dye upon maturation is interpreted as a matur- 
ational increase in the extent of chromatin condensation (Fig. 4.2H). Chromatin 
condensation reflects oxidation of sulphydryl groups of protamines (Bedford et al., 
1973) but nothing is known of any human enzymes involved in this process. 


4.2.9 Fertilising ability in vivo and in vitro 

The only in vivo studies on the fertilising capacity of sperm have been done on 
spermatozoa obtained from the epididymis of infertile men, for whom this offers 
hope of paternity. In these, epididymovasostomy is performed on azoospermic men 
with epididymal occlusion. The site of anastomosis of the vas to the epididymis is 
proximal to the site of occlusion so as to permit egress of the luminal spermatozoa. 
As this occurs at various sites in different individuals, different extents of the epi- 
didymis are bypassed. It has been observed that the more of the epididymis the 
sperm have passed through before entering the vas deferens, the higher the preg- 
nancy rate (Fig. 4.21). 

Assisted reproduction techniques have also permitted pregnancies to be initiated 
by in vitro fertilisation (IVF) of sperm removed from different regions of an occluded 
epididymis. It has demonstrated that both fertilisation and pregnancy rates are higher, 
the longer the length of epididymis the spermatozoa have encountered (Fig. 4.2J). As 
expected, fertilisation in vitro occurs with the use of mature sperm retrieved from the 
vas deferens (Brindley et al., 1986; Bustillo and Rajfer, 1986; Hirsch et al., 1993). 

The relationship between the length of the epididymal passage and fertilisation 
in vitro and in vivo supports the view that spermatozoa have a greater chance of 
interacting with relevant epididymal secretions before becoming competent at fertil- 
isation. Occasional reports that pregnancies result from anastomosing the vas defer- 
ens to the efferent ducts (Silber, 1988; Weiske et al., 1994), rete testis or a seminiferous 
tubule (Schoysman, 1993) may relate to a functional change in the vas deferens and 
its secretions consequent upon its abnormal exposure to testicular fluids, as demon- 
strated in rats and rabbits (Temple-Smith et al., 1989, 1998). As all human observa- 
tions are necessarily made on occluded epididymides, the effects of long-term ductal 
occlusion on normal epididymal function have to be contemplated. Reflux of epi- 
didymal secretions into this fluid may explain why testicular spermatozoa obtained 
from spermatocoeles can fertilise eggs in vitro (Hirsch et al., 1996). 


4.5 Sperm storage in the human epididymis 
4.3.1 Sperm numbers 


The small storage capacity of the human epididymis is demonstrated by the small size 
of the cauda region (see Fig. 4.1), the small reserves (about 3 days worth of testicular 
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production: Bedford, 1990), which approximate those found after cauda bypass 
(Schoysman and Bedford, 1986), and the rapidity with which sperm reserves can 
be decreased or refilled after multiple ejaculation or abstention (see Cooper et al., 
1993). After epididymal emptying by providing three ejaculates within 4h, sperm 
numbers in the first of three subsequent ejaculates is increased from 50 millions 
after 1 day abstinence to over 300 millions after 10 days and is increased further 
with successive ejaculates (Fig. 4.4: from Cooper et al., 1993). Beyond this time 
ejaculate sperm numbers remain constant as the epididymis is filled and sperm 
enter the urine (Barratt and Cooke, 1988). 


4.3.2 Sperm protection 


Figure 4.4 


Mammals have both adaptive (acquired) immunity, a function of T and B cells which 
are selected by nominal antigens and expand clonally, and innate (natural) immu- 
nity, which is triggered immediately in response to micro-organisms. Mechanisms 
of innate immunity include the generation of disinfectants (H,O,, NO), large 
antimicrobial proteins (lysozyme, cathepsins, lactoferrin, phospholipase A,) and 
small antimicrobial peptides (cathelicidins (e.g. glycodelins) and defensins (a, B)) 
(Bourgeon et al., 2004; Com et al., 2003; Yang et al., 2002). A wide range of defensins 
have been identified in the human epididymis (Table 4.2). As defensins-a and -B are 
inhibited at high salt solutions, they would be more active in the low ionic strength 
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The increase in number of seminal spermatozoa obtained by multiple ejaculation after 
increasing periods of prior sexual abstinence (from Cooper et al., 1993). Note the increase 
from 50 X 10° in the first ejaculate after 1 day abstinence to 300 x 105 after 10 days 
abstinence. The total number of sperm in three ejaculates increases from about 150 x 105 
to 600 x 108 over this time period 
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of epididymal fluid (L, = 0.122 from data in Hinton et al., 1981) and ideally situated 
to prevent the migration of invading micro-organisms into the male tract. 

A variety of anti-oxidant enzymes are present in human seminal plasma but 
most are not of epididymal origin (Yeung et al., 1998), although some anti-oxidant 
activity does originate there (Potts et al., 1999). 


4.4 Sperm volume regulation 


The osmolality of spermatozoa in the cauda epididymidis must approximate that 
measured in the vas deferens (342 mmol/kg: Hinton et al., 1981) but fluids in the 
female tract have been measured to be 276-302 mmol/kg (Edwards, 1974; Casslén 
and Nilsson, 1984; Menézo et al., 1982; Rossato et al., 1996). Thus within 
the female tract upon ejaculation spermatozoa should be considered to suffer a 
hypotonic challenge, especially as it is commonly held that seminal plasma is 
hyperosmotic (Rossato et al., 2002). Recently, however, measurements of the 
sperm-rich, prostatic fraction of split ejaculates (Bjérndahl and Kvist, 2003) and 
unliquefied whole semen measured within 5 min of ejaculation (Cooper et al., 
2005) have revealed osmolalities in these fluids to be 294-304 mmol/kg, that is 
within the female range. This demonstrates that the osmotic challenge actually 
occurs within the male urethra during the ejaculatory process and that cell 
swelling would be anticipated within the female tract unless otherwise prevented. 


4.4.1 Ejaculated spermatozoa 


Human spermatozoa, as somatic cells, are able to regulate their volume when sub- 
jected to such hypotonic conditions as occur in the male and female tract. This is 
shown by swelling when ejaculated spermatozoa are provided with a physiological 
challenge by incubation in hypotonic medium together with inhibitors of channels 
employed by somatic cells for volume regulation. The broad-spectrum potassium 
channel blocker quinine is effective at preventing volume regulation and also ren- 
ders sperm less able to migrate into and through surrogate mucus owing to a 
change to non-progressive motility; both quinine and the voltage-sensitive potas- 
sium channel blocker 4-aminopyridine induce volume increase with a simultane- 
ous change to less progressive motility (Gu et al., 2004; Yeung and Cooper, 2001; 
Yeung et al., 2003). The ability of the potassium ionophores valinomycin and 
gramicidin to eliminate the quinine-induced change in size and kinematics 
suggests that K“ ions are utilised in volume regulation (Yeung and Cooper, 2001) 
and the fact that raised extracellular K*, by preventing intracellular K* efflux, is 
able to cause swelling under physiologically hypotonic conditions (Yeung et al., 
2003) suggests that this ion is an intracellular osmolyte that effluxes from sperma- 
tozoa with obliged water under hypotonic stress. 
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In the usual clinical situation, however, where semen is collected in a vessel 
and liquefied for 30 min at 37° (WHO, 1999), the osmolality of the fluid rises 
both during liquefaction (Cooper et al., 2005) and after it (Abraham-Peskir et al., 
2002; Aitken et al., 1996; Hofmann and Karlas, 1973; Velazquez et al., 1977), so that 
the actual osmotic challenge to spermatozoa dispensed from the ejaculate to 
assisted reproductive technology (ART) medium is even greater than that nor- 
mally encountered. 


4.4.2 Epididymal spermatozoa 


Spermatozoa acquire the ability to regulate their volume within the epididymis of 
mice (Yeung et al., 1999, 2002) and monkeys (Yeung et al., 2004). As no data are 
available on human epididymal spermatozoa, maturation in the cynomolgus 
monkey is presented. Epididymal spermatozoa from the caput, corpus and cauda 
were subjected to a physiological osmotic insult (290 mmol/kg) in the absence 
(control) or presence of the broad-spectrum cation channel inhibitor quinine. 
Cauda spermatozoa maintained their original volume except in the presence of 
quinine, when their volume increased over 20 min and remained that size. This 
indicates that the cells were regulating their volume in a quinine-sensitive manner 
under the physiologically hypotonic conditions, whereas caput spermatozoa 
never swelled in either the presence or absence of quinine (Fig. 4.5). The ability 
of spermatozoa to develop the capacity to regulate volume during epididy- 
mal transport is thought to reflect the epididymal provision of low molecular 
weight osmolytes (Cooper and Yeung, 2003) but this remains to be proved for 
humans. 


4.5 Epididymal fluid 


What little is known of the composition of human epididymal/vasal fluid is com- 
pared with that of fluid leaving the testis in Table 4.1. There is little change in cal- 
cium, chloride or phosphate and remarkably low concentrations of carnitine, GPC 
and inositol compared to those in rodents. The higher osmolality and protein con- 
centration compared with testicular fluid and the high potassium and low sodium 
in epididymal fluid reflect the pattern seen in all mammals studied. 


4.6 Epididymal proteins involved in sperm maturation 


Several techniques have been applied to the study of epididymal proteins that may 
be involved in the maturation and storage of spermatozoa. The earlier work on 
proteins involved the raising of polyclonal or monoclonal antibodies against 
ejaculated spermatozoa; against proteins eluted from ejaculated sperm and against 
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Figure 4.5 


Sperm maturation in the human epididymis 


% 140 
k= 

= 120- 
5 

e 

£ 1004 
z = 
Na 804 
2+ 

a= 
Då 60 + 
c= 

c 

= 40 4 
oO 

£ 20 
: l 
8 

Hn 0 T T 


Caput Corpus Cauda 


The size of monkey spermatozoa after incubation in physiologically hypotonic medium in 
the presence of the broad-spectrum cation channel blocker quinine (from Yeung et al., 
2004). As quinine prevents volume regulation in response to a physiologically hypotonic 
challenge, the regulatory response (cauda > corpus > caput) indicates a maturation of 
regulating ability during epididymal transit 


seminal fluid proteins. More recently, molecular biology techniques such as 
cloning from gene-specific probes and differential library screening have been 
applied to the epididymis (see Kirchhoff, 1998) and revealed transcripts of genes 
that are expressed solely in the epididymis. Oligonucleotide sequence data and the 
consensus amino acid composition of these proteins have revealed surprising 
identities between proteins with different functions. The nucleotide sequence of 
one epididymal secretion involved in sperm—zona binding (P34H) identifies it as a 
member of the short-chain dehydrogenase/reductase family of proteins and it has 
carbonyl reductase activity. Another epididymal protein involved in sperm—zona 
binding (SOB3: Hammami-Hamza et al., 2001) has the identical sequence as a 
human epididymal cationic anti-microbial protein (hCAP-18: Malm et al., 2000). 
One major maturation antigen of the human epididymis (CD52) has been discov- 
ered by several groups and called variously H6-3C4 antigen (Kameda et al., 1992), 
HE5 (Kirchhoff et al., 1993), GZS-1 (Hutter et al., 1996), SAGA-1 (Diekman et al., 
1997), S19 antigen (Mahony and Alexander, 1991) and gp20 (Focarelli et al., 1999a, 
b, c) (see Diekman et al., 2000). The uptake of CD52 by maturing spermarozoa 
(Yeung et al., 1997b) and changes in antigen accessibility upon storage in the 
cauda and in vitro capacitation (Yeung et al., 2000, 2001) suggest that it may be 
involved in sperm storage (Bedford, 2004). 

Table 4.2 lists the proteins identified to date as secretions of the human epi- 
didymis that may be involved in the acquisition of fertilising capacity of epididymal 
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spermatozoa. Their names, pseudonyms, molecular weight, pI, proven functions 
and suspected role in fertilisation are given. Where given, the site of expression of 
the gene and protein in the organ are presented, as well as the extent of expression, 
and the location in the epididymis where sperm are first coated by the secretion and 
the site of the sperm where the antigen is located. 


4.6.1 Solely testicular proteins 


Testicular proteins involved in sperm—egg contact are also listed for completeness. 
They are inherent components of sperm before they leave the testis and are 
thought to function in zona binding and fusion with the oocyte. 


4.6.2 Testicular and epididymal proteins 


Other proteins are expressed in both the testis and epididymis. The epididymal 
regions listed are those described in the papers cited, although as the human caput 
contains both a common epididymal duct and many efferent ducts (Yeung 
et al., 1991) the term ‘caput’ will include efferent ducts. Of those solely in the caput 
region, clusterin binds to lipids that are exposed on dead spermatozoa. Of efferent 
duct proteins also secreted more distally in the corpus epididymidis, one is a pro- 
tease inhibitor/microbicide (Eppin) and three (SOB1, ARP and fibronectin) are 
involved in fusion with the oocyte. A role in egg fusion is deduced from the 
reduced number of sperm penetrating zona-free hamster oocytes after treatment 
of sperm with antibodies to the protein and showing that zona binding, motility 
and the acrosome reaction are not affected by the antibody. Steric hindrance by the 
antibody to an adjacent sperm site truly involved in binding is a concern and 
sometimes the smaller Fab Ig fragments are used. A location on the equatorial 
region of the acrosome (the site of sperm—egg contact) is usually consistent with a 
function in sperm—egg fusion. This is not always the case, however, and one sperm 
coating protein eluted by high ionic strength is located over the acrosomal region 
(Tezon et al., 1985) and yet its antibody prevents sperm—egg fusion not 
sperm—zona binding (Sanjurjo et al., 1990). This may be because the protein relo- 
cates to the equatorial segment during capacitation, which is the case for 
gp20/CD52 (from post-acrosomal to equatorial: Focarelli et al., 1998). 

The location in the epididymis of several proteins also present in the testis 
(PDGS, a lipocalin) is not accurately given. In most cases it can be assumed, and 
in others it is clear from histological sections, that the corpus epididymidis 
was examined, however this does not necessarily imply that the protein is absent 
from other areas, since they may not have been examined or it may not be pres- 
ent (as in the case of BCAVD: He et al., 1995). Expression of serpin (involved in 
zona binding and oocyte fusion) and trypsinogen (a precursor for a proteolytic 
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enzyme/zona binding protein) is found more distally in the cauda 
epididymidis as well. 


4.6.3 Solely epididymal proteins 

As found for the proteins above, some are expressed solely in the caput (or efferent 
ducts) and throughout the duct. HE6 (a suspected epithelial transporter) is solely 
located in the caput (Obermann et al., 2003) but the reports of a caput expression 
of proteins C and S, proteases involved in immune suppression, may reflect the fact 
that only tissue from BCAVD patients was examined where no more distal tissue 
is present, so these proteins may also be present in more distal regions of normal 
epididymides. 

Proteins involved in zona binding (3B2F antigen) and oocyte fusion (SOB2) are 
found throughout the epididymis but a regional gradation of expression/activity 
of other epididymal proteins is evident. The activities of the enzymes NAG, 
B-glucosidase and B-galactosidase are higher in the efferent ducts than the more 
distal regions of epididymis and vas deferens. The expression of HE2 (oocyte 
fusion/anti-microbial activity) and galactosyl transferase activity are also greater in 
the caput region. 

On the other hand, a-fucosidase, a-mannosidase and B-glucuronidase are 
more active in the epididymis than efferent ducts or vas. The corpus epididymidis 
similarly displays higher expression than the caput or cauda of P34H (zona 
binding). For HE1 (a sterol binding protein) and the novel HE3, a biphasic 
expression is present with expression higher in the vas deferens than the cauda. 
Some epididymal proteins secreted into the lumen are taken up by spermatozoa 
locally and thus carried downstream to more distal regions. Indeed, for secretions 
P34H (Boué et al., 1994) and HE5/CD52 (Yeung et al., 1997b) there are higher 
amounts of protein on sperm from the cauda than corpus despite the lower gene 
expression in the cauda. 

Nevertheless, proteins expressed along the entire duct but in higher amounts in 
the more distal regions would provide more secretion per sperm than others and 
may be involved in storage of sperm in the cauda. A sperm coating protein 
involved in egg fusion, the enzyme a-glucosidase and the anti-microbial hCAP-18 
all provide such distal gradients of secretion. Other proteins are found solely in the 
corpus and cauda (the protease GP-83, GP-39, possibly involved in oocyte fusion), 
or cauda alone (HE4, HE12), the latter thought to be decapacitation factors that 
keep sperm quiescent until ejaculation. 

Figure 4.6 (Color plate 4) shows schematically the general location and abundance 
of proteins secreted into the human epididymal lumen. Some are secreted proxi- 
mally, some distally and some throughout the duct. 
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Schematic representation of the location (epididymal regions are approximate) of genes 
expressing secreted human epididymal proteins (for abbreviations see Table 4.2) (see 
Color plate 4) 


4.6.4 Interaction of proteins with spermatozoa 


Epididymal proteins held electrostatically to the sperm surface can be eluted with 
high ionic strength medium and include sperm coating protein (Sanjurjo et al., 
1990) and ARP (Kratzschmar et al., 1996). The former was implicated in 
sperm—egg fusion because antibodies to it blocked penetration of human sperm 
into zona-free hamster eggs. By contrast, ARP was easily eluted from the sperm 
surface and was not considered to function in sperm—egg fusion in the way that the 
rodent equivalent (Protein D/E [AEG]) does in the rat (Rochwerger and Cuasnicu, 
1992). Recent studies, however, have indicated that some ARP remains on the 
sperm equatorial region after high salt extraction and that antibodies against ARP 
block sperm—egg penetration (Cohen et al., 2001). By analogy with the rat epi- 
didymis (about which most is known in this regard: Cooper, 1998) it is possible 
that the ionic strength within the human epididymal canal is low, because of high 
concentrations of uncharged organic solutes, and this would keep these proteins 
on the sperm (Cooper, 1998). 

At least two epididymal secretions (CD52 and P34H) are held by glyc- 
erophoshoinositol anchors to the sperm membrane. These first serve to anchor 
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Figure 4.7 Schematic representation (not to scale) of the location of intrinsic (testicular) and extrinsic 


(secreted, epididymal) proteins on different membranes of the human sperm head with 
proposed functions in fertilisation (for abbreviations see Table 4.2) (see Color plate 5) 


the secretory protein to the membrane of the epididymal cell that sheds vesicular 
‘epididymosomes into the lumen. For both molecules, transfer to sperm is mediated 
by such vesicles (Frenette and Sullivan, 2001; Yeung et al., 1997b). P34H protein 
remains on the sperm head until the acrosome reaction, when its role in zona bind- 
ing is complete (Boué et al., 1994). 

Figure 4.7 (Color plate 5) summarises the sequence of sperm modification by 
secreted human epididymal proteins. FA-1 antigen, clusterin and acrosin are pres- 
ent in and on spermatozoa before they enter the epididymis; SOB2 and Eppin are 
caput secretions that bind to the equatorial and acrosomal regions, respectively; 
gp20, fibronectin (FN) and P34H are corpus secretions adhering to the post-acro- 
somal, equatorial and acrosomal regions, respectively, whereas SOB2, Serpin and 
SOB3 are caudal secretions similarly binding to the post-acrosomal, equatorial and 
acrosomal regions of the sperm cell. 

The role of these proteins, irrespective of their origin, may be related to primary 
zona binding (acrosomal antigens) and oocyte binding/fusion (equatorial anti- 
gens). Some post-acrosomal and acrosomal antigens may migrate during capacita- 
tion to the equatorial region (Fig. 4.8, Color plate 6). 
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Figure 4.8 Schematic representation of the location of testicular and epididymal proteins on human 


epididymal sperm heads (for abbreviations see Table 4.2) (see Color plate 6) 


4.7 Summary 


As sperm move though the human epididymis they encounter a varied and vary- 
ing environment with respect to the proteins they encounter. They acquire addi- 
tional proteins, sometimes the same as those as testicular proteins but more often 
different, epididymis-specific proteins and come into contact with water soluble 
low molecular weight compound that may be important for volume regulation. In 
the proximal epididymis sperm are subjected to the action of certain enzymes and 
exposure to proteins involved in membrane modification and sperm—egg fusion. 
In the middle region another set of enzymes become active and proteins associated 
with sterol transport (HE1) predominate that could modify the membrane in such 
a way as to permit the uptake of GPI-anchored zona binding proteins. More dis- 
tally sperm encounter increasing concentrations of glucosidase and protease, pro- 
teins involved in zona binding and oocyte fusion, the major maturation antigen 
CD52, anti-microbial activity and decapacitation factors, that help them to survive 
before ejaculation. 

Adherence of the proteins to different domains (plasma membrane over the 
acrosome or equatorial acrosomal segment) may depend on the nature of the pro- 
tein, the lipid composition of the particular membrane and the ionic and environ- 
ment in which the sperm finds itself. The eventual location on a capacitated 
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sperm (acrosomal membrane) or acrosome-reacted sperm (equatorial region) 
may dictate their role in, for example, zona-binding (P34H) or oocyte-binding 
(gp20). Both the proteins and the sperm membranes may be modified during epi- 
didymal transit by the range of enzyme activities to which sperm are subjected in 
different epididymal regions (e.g. glycosyltransferases, glycosidases and proteases) 
and which may add to or remove carbohydrates and peptides from the sperm sur- 
face. The activity of proteases is in turn modified by protease inhibitors liberated 
from the epithelium and attached to spermatozoa. 

In addition to the secretion of macromolecules that bind to maturing sperm- 
atozoa, the secretion of low molecular weight ions and organic osmolytes are pre- 
sumably taken up during epididymal transit endowing spermatozoa with the 
capacity to regulate volume when necessary and to keep sperm quiescent by keep- 
ing Na* low and K* high. The associated low ionic strength of the fluid would help 
to keep electrostatically bound proteins on the sperm surface and promote the 
activity of microbicidal proteins. 

This knowledge could be used to develop diagnostic tests of male infertility or 
design post-testicular contraceptives for men. 
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5.1 Introduction 


Spermatozoa must be motile for their journey to the egg. In species that undergo 
external fertilization, such as sea urchins and fishes, the initiation of sperm motility 
occurs at spawning and movement is further regulated by factors released by 
oocytes. In mammals, the swimming ability is progressively acquired by spermato- 
zoa during the epididymal transit even though motility is initiated only after dilu- 
tion in seminal plasma. Factors from the female genital tract will later on trigger the 
hyperactivated motility that is needed for sperm penetration of the zona pellucida. 

In this review, we will first examine the structure of the flagellum giving a spe- 
cial attention to the axonemal motility apparatus. Then, we will briefly discuss 
some of the factors that influence the initiation, maintenance and evolution of 
sperm motility. 


5.2 Experimental approaches to study sperm movement 
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Before describing the flagellum, we will briefly mention some technical aspects of 
motility measurements and the most important experimental approaches or mod- 
els that are used to evaluate the role, and mode of action, of specific structures in 
flagellar motility. 

High speed videomicrography is an essential tool for the measurement of 
parameters such as the percentage of moving cells, the flagellar beat frequency (the 
number of complete beats per second; by stroboscopic illumination), the surface 
of flagellar beat envelope (surface covered by the flagellum over a complete beat) 
and the maximal wave amplitude (width of the beating envelope) (Brokaw and 
Kamiya, 1987; Cosson et al., 1999; Gingras et al., 1998). Most of the computer- 
aided semen analyzers (CASA) developed to study mammalian spermatozoa fol- 
low the movement of the head and not the flagellum. Therefore, the parameters 
evaluated, curvilinear and linear velocity, linearity of the trajectory, amplitude of 
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the lateral head displacement, etc. are more related to cell trajectory (Burkman, 
1991; Murad et al., 1992). 

One of the experimental approaches used to determine the importance of fla- 
gellar structures or external factors in sperm motility involves demembranation of 
the cells with a detergent (often Triton X-100) and reactivation of movement by 
the addition of adenosine triphosphate (ATP). This demembranated cell model 
bypasses the rather impermeable cell membrane and allows a direct access to the 
axoneme, the structure responsible for movement. The modeled flagella have sim- 
ilar motion patterns as intact flagella and the beat frequency depends on the con- 
centration of ATP used. The demembranation-reactivation assay can be used for 
flagella of spermatozoa (sea urchin, fish, mammals) (de Lamirande and Gagnon, 
1986, 1989, 1992a, b; Gingras et al., 1996; Ho et al., 2002) or of unicellular organ- 
isms such as Chlamydomonas reinhardtii and Oxyrrhis marina (Gagnon et al., 
1994, 1996; Gingras et al., 1996, 1998). Chlamydomonas mutants lacking one of the 
axonemal components, and the potential reversal of these mutations, are also use- 
ful to determine the role of specific structures in motility (DiBella and King, 2001; 
Kamiya, 2002; Smith and Yang, 2004). We used monoclonal antibodies directed 
against targeted axonemal proteins to evaluate the role of these in the maintenance 
and type of motility (Gagnon et al., 1994, 1996; Gingras et al., 1996, 1998). This last 
approach has the major advantage of aiming at a specific protein/epitope in con- 
trast to the previous methodology in which large ultrastructural defects are tested. 


5.5 The flagellum 


5.3.1 The axoneme 
Flagellar motility results from undulatory waves propagating backwards to create 
forward propulsive thrust along the axis of the flagellum. The axoneme is the core 
structure responsible for motility and is common to most flagellated and ciliated 
cells from protozoans to man with relatively few modifications. This evolutionary 
stability indicates that axonemal components have sufficient diversity in structure 
and function to accommodate the different types of motility of flagella and cilia. 
The axoneme (Fig. 5.1) is composed of nine peripheral microtubule doublets 
and two central microtubules that run the whole length of the flagellum (Inaba, 
2003; Link, 2001; Turner, 2003). Dynein arms that project from microtubule A 
towards microtubule B of the adjacent doublet are major players in the active slid- 
ing of the microtubules. Neighboring microtubule doublets are also attached to 
each others by nexin links (Bozkurt and Wooley, 1993) and radial spokes point to 
the sheath surrounding the two singlet microtubules at the center of the axoneme 
(Smith and Yang, 2004). 
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Figure 5.1 
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Schematic representation of the flagellum. (A) The axoneme. (B) In mammals, the 
axoneme is surrounded by outer dense fibers and fibrous sheath 


Dynein is responsible for the conversion of chemical energy from ATP hydroly- 
sis into mechanical energy for motility (Fig. 5.2). The two dynein arms have differ- 
ent functions. The outer dynein arms are spaced 24 nm apart along microtubule A 
and bound in an ATP-insensitive manner to tubulin by the dynein docking com- 
plex (three polypeptides) and their removal decreases the beat frequency by half 
(DiBella and King, 2001; Porter and Sale, 2000; Takada et al., 2002). Inner dynein 
arms of three classes are equally distributed in each 96 nm segment of the axoneme 
(Porter and Sale, 2000). Dynein arms are complexes consisting of three classes of 
subunits. The heavy chains (a and B, = 500kDa) have a central motor part with 
four ATP- and microtubule-binding sites. The 60-120 kDa intermediate chains are 
located at the base of the dynein molecules and play a role in the ATP-insensitive 
binding of the arms to microtubules. The light chains (8-20 kDa) are proteins 
of various functions, such as Ca**-binding, thioredoxin-like, structure with a 
leucine-rich repeat or similar to mouse t-complex testis expressed Tctexl or 
Tctex2 (DiBella and King, 2001; Inaba, 2002). The variety of structure and func- 
tion of these chains indicate that many regulatory mechanisms are present and 
needed for the fine tuning of motility (DiBella and King, 2001; King et al., 1991, 
1995). Whereas outer dynein arms determine the maximal velocity of outer dou- 
blet microtubule sliding, inner dynein arms affect flagellar wave form, regulate 
beating symmetry or provide the additional force needed to maintain a high veloc- 
ity in the presence of load (Brokaw and Kamiya, 1987). The dynein regulatory 
complex (seven polypeptides) is tightly bound to the microtubule lattice and could 
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Figure 5.2 Schema of how microtubule slide under the action of dynein arms. For simplicity, only two 


outer microtubule doublets of the axoneme are drawn and each of the numbered arms 
is for a pair of inner and outer arms. No flagellar bend is seen when dynein arms are 
inactive (A). When the first dynein arm engages the adjacent microtubule (B) and 
generates a downward stroke (large arrow), the sliding force is translated into a bend in 
the axoneme (C) and the second dynein arm engages the adjacent microtubule doublet. 
The flagellar beat is then propagated with the first dynein arm relaxing, the second 
generating the downward stroke (D) and the third engaging into action (E). A similar 
sequence is continually repeated and occurs at the same time on the nine microtubule 
doublets in an asynchronous but coordinated fashion all along the flagellum and around 
the circumference allowing for swimming in three dimensions (From Turner, 2003; with 
permission.) 


function as scaffold for enzymes that regulate and modify dynein activity or as a 
sensor for tension or strain within the axoneme to provide mechanical feedback to 
the dynein arms (Piperno, 1995; Porter and Sale, 2000). 

Adjacent to the inner dynein arms and anchored on microtubules A, maybe 
through the dynein regulatory complex, are the radial spokes, T-shaped structures 
pointing to the central pair. Chlamydomonas mutants lacking radial spoke heads or 
stems are immotile (Porter and Sale, 2000; Smith and Yang, 2004). Some of the 23 
polypeptides that form radial spokes are identified in Chlamydomonas and are 
A-kinase anchoring protein (AKAP; Feliciello et al., 2001), kinesin-related protein, 
WD repeat protein, calmodulin, alanine/proline-rich protein, armadillo repeat 
protein and nucleoside diphosphate kinase (Inaba, 2003; Patel-King et al., 2004; 
Smith and Yang, 2004). Because of their location, the radial spokes could provide a 
structural linkage between the central apparatus and dynein arms. 

Isolated axonemes from mutants lacking central pair complex and radial spokes 
can be reactivated at low ATP concentration and undergo modest wave form con- 
version due to variations in Ca! T concentration. Therefore, the central pair complex 
and radial spokes are not essential for motility but the interaction of these structures 
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could act as a mechanical and chemical signal transducer for controlling the size and 
the shape of the flagellar bend and for modifying motility in response to specific sig- 
nals (Smith and Yang, 2004). The complex radial spokes—central pair regulates the 
velocity of microtubule sliding driven by dynein and coordinates the activity of inner 
and outer dynein arms at physiological levels of ATP (Porter and Sale, 2000). Data 
obtained with monoclonal antibodies that recognize radial spoke proteins indicate 
that these structures affect specific motility parameters, such as the movement in two 
or three dimensions and the flagellar beating envelope (Gingras et al., 1998; White 
et al., 2005). 

Tubulin o and B, the main constituents of microtubules, are of paramount impor- 
tance to flagellar structure and motility. These globular proteins of 50-55 kDa exist 
in a functional state as a heterodimer, one a- and one B-chain (Oakley, 2000). The 
longitudinal association of tubulins produce the protofilaments and the lateral 
association of 13 and 11 protofilaments builds microtubules A and B, respectively. 
Tubulin is often subjected to post-translational modifications, for example acety- 
lation, palmitoylation, phosphorylation, polyglutamylation and polyglycation, that 
are important for axonemal motility (Gagnon et al., 1996; Huitorel et al., 1999, 2002; 
MacRae, 1997). 

The outer doublet microtubules are bound by nexin links, possibly by associa- 
tion with dynein regulatory complexes (Wooley, 1997). One of the nexin link pro- 
teins corresponds to the p72 regulatory subunit of Ca**-regulated nucleoside 
diphosphate kinase (Patel-King et al., 2002). 


5.3.2 Outer dense fibers, fibrous sheath and mitochondrial sheath 


In spermatozoa from primitive species (such as sea urchins and fishes) and in flag- 
ellated unicellular organisms (such as Chlamydomonas), the flagellum consists of 
the 9 + 2 axoneme surrounded by the cell membrane. In animals with internal 
fertilization, the sperm axoneme is surrounded by outer dense fibers and the 
fibrous sheath (Fig. 5.1). 

Each of the nine microtubule doublets is associated with an outer dense fiber, 
that has a characteristic size and shape (Fig. 5.1). These structures are composed of 
several cystein-, serine- and proline-rich intermediate filament-like proteins with a 
high degree of zinc-dependent disulfide cross-bridging (Oko and Clermont, 
1990). Outer dense fibers could be involved in the maintenance of the passive elas- 
tic structure of the flagellum but their high and variable level of phosphoserine on 
proteins suggests some yet undetermined role in the regulation of flagellar motil- 
ity (Inaba, 2003; Oko and Clermont, 1990). 

The fibrous sheath is composed of three longitudinal columns attached to 
microtubule doublets 3 and 8 that run along the principal piece of spermatozoa (Oko 
and Clermont, 1990) (Fig. 5.1). This structural arrangement and the stabilization of 
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proteins by disulfide bonds, suggest that the fibrous sheath influences the flexibil- 
ity, the plane of flagellar motion and the shape of the flagellar beat (Eddy et al., 
2003). AKAPs represent more than 50% of the fibrous sheath mass in some species 
(Eddy et al., 2003) and their tyrosine phosphorylation could be associated with 
fibrous sheath sliding (Carrera et al., 1994; Mohri et al., 1998; Siand Okuno, 1999). 
The Rho-binding protein, rhophilin, is located at the outer surface of the outer 
dense fibers and its binding protein, ropporin, is anchored at the inner surface of 
the fibrous sheath (Fujita et al., 2000). Enzymes associated with the glycolytic path- 
way, such as glyceraldehyde 3-phosphate dehydrogenase-S (Miki et al., 2004; 
Westhoff and Kamp, 1997), hexokinase HK1-S, glutathione S-transferase GSTM5 
and an intermediate filament-like protein FS39, are also found in the fibrous 
sheath (Eddy et al., 2003; Mohri et al., 1998). The scaffolding of glycolytic enzymes 
and the presence of constituents of signal cascades on the fibrous sheath supports 
the importance of this structure for sperm motility. 

Mammalian sperm mitochondria are condensed and elongated and they are 
tightly and helically disposed end to end around the outer dense fibers forming the 
mitochondrial sheath at the level of the sperm middle piece. These mitochondria 
have specific functional characteristics adapted for sperm motility such as resis- 
tance to hypotonic conditions and ability to use lactate as an oxidative substrate 
(Oko and Clermont, 1990). 


5.3.3 Morphological abnormalities 


Primary flagellar/ciliary dyskinesia is a syndrome characterized by a defect in 
axonemal structure or function that results in abnormal or absent flagellar/ciliary 
movement. In human spermatozoa, tail abnormalities range from coiled, short or 
bent tails (light microscopy level) (World Health Organization, 1999) and the per- 
centages of cells with such defects are approximately 14% and 50% in fertile and 
infertile men, respectively (Kubo-Irie et al., 2004). More defined structural alter- 
ations, such as missing or excess doublets or microtubules, outer dense fibers or 
central pair, double axonemes are observed by electron microscopy (Kubo-lIrie 
et al., 2004). Multiple molecular aberrations are also reported, such as the absence 
or reduced number of dynein arms (inner and/or outer), the absence of radial 
spokes, central pair or nexin links (Afzelius, 2004). Obviously, these disorders lead 
to infertility, chronic respiratory infections, etc. 


5.4 Motility in marine species with external fertilization 


5.4.1 lonic factors 


In sea urchin spermatozoa, the ionic changes that occur at the spawning of sper- 
matozoa into sea water is a main determinant in the initiation of vigorous motility. 
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The lower CO, tension of sea water as compared to that of semen increases sperm 
intracellular pH (from = 7.2 to = 7.5) that results in dynein ATPase activation 
and consequently the initiation of motility. The adenosine diphosphate (ADP) 
produced then stimulates mitochondrial respiration. The lower K* content in 
sea water as compared to that of semen may also cause a hyperpolarization that 
could activate a voltage-dependent Na*/K* exchanger and help to regulate intra- 
cellular pH (Morisawa et al., 1999; Neill and Vacquier, 2004). 

Changes in the natural environment for spawning are also used by freshwater and 
seawater fishes as a trigger for motility initiation. In marine species, spermatozoa 
are quiescent when kept in medium isotonic to seminal plasma but become motile 
when diluted with a hypertonic solution. On the other hand, spermatozoa from 
freshwater fishes initiate motility when diluted in a medium hypotonic as compared 
to seminal plasma. Again, the decrease in external K* at spawning would stimulate 
K* efflux, via K* channels, cause hyperpolarization of sperm plasma membrane 
and subsequently activate adenylyl cyclase (Morisawa et al., 1999). 

Conditions that cause hyperpolarization of the plasma membrane, such as addi- 
tion of Catt, other divalent cations (Boitano and Okuno, 1991) or Catt 
ionophore A23187 (Oda and Morisawa, 1993) overcome the inhibitory effects of 
K* or isoosmolality and trigger sperm motility. Therefore, the increase in intracel- 
lular Ca** is important for the control of axonemal movement and regulation of 
flagellar bending symmetry. The asymmetric waveform of demembranated sea 
urchin spermatozoa reactivated under low Ca? T concentration changes to increas- 
ing symmetry and then to quiescence, as Ca** concentration is raised (Smith, 
2002). Axonemes contain at least three Ca* *-binding proteins: (1) calmodulin, partly 
associated with radial spokes, which act as a key Ca** sensor (Smith, 2002); (2) 
centrin/caltractin, present in the inner dynein arms; and (3) a light chain of the 
outer dynein arms that shares homology to centrin and calmodulin (Smith, 2002). 
In Chlamydomonas flagella, Ca" T regulates dynein activity through a mechanism 
involving the radial spokes, the central apparatus and signaling elements including 
axonemal calmodulin and a calmodulin-dependent kinase (Smith, 2002). 


5.4.2 Protein phosphorylation 
Pharmacological and physiological evidence indicate that protein phosphorylation 
is involved in the initiation and regulation of flagellar motility; the presence and 
anchoring of several kinases and phosphatases in the axoneme also suggest a tight 
control in the regulation of motility (Porter and Sale, 2000). The hyperpolarization 
of fish sperm plasma membrane that occurs at spawning stimulates adenylyl 
cyclase (Morisawa et al., 1999) and the resulting increase in cAMP activates protein 
kinase A (PKA). A portion of PKA activity is tightly bound to the axoneme, possi- 
bly by binding to AKAPs (Feliciello et al., 2001), such as those associated with the 
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central pair apparatus (AKAP240) or with the radial spokes (AKAP97) in 
Chlamydomonas (Porter and Sale, 2000). PKA is also present in the detergent- 
soluble extracts of spermatozoa in many species including sea urchins, rainbow 
trout and mammals (Horowitz et al., 1984; Ishuguro et al., 1982; Yokota and 
Mabuchi, 1990). 

Several axonemal proteins, of 45, 130 and 500 kDa in sea urchin (Bracho et al., 
1998), 21 kDa in salmons (Inaba et al., 1999) and 21 and 26 kDa in Ciona (Nomura 
et al., 2000) are phosphorylated by PKA when motility is initiated. In chum salmon 
spermatozoa, one of the seven proteins phosphorylated in relation to motility ini- 
tiation is a 21 kDa light chain of the outer arm dynein (Inaba et al., 1999). Dynein 
light chains from many fish and sea urchin species have a PKA-dependent phos- 
phorylation motif and are homologous to t-complex testis expressed 2 (Tctex2). In 
salmonid fishes, proteasomes localized near the outer dynein arm may regulate the 
phosphorylation of the dynein light chain and the regulatory subunit of PKA 
(Inaba et al., 1998). Furthermore, a tyrosine kinase is activated downstream of 
PKA and is responsible for the phosphorylation of a protein called movement- 
initiating phosphoprotein (Morisawa, 1994). Itoh et al. (2003) observed that the 
catalytic subunit of PKA in rainbow trout spermatozoa is anchored to the outer 
dynein arm of axonemes. The co-localization of PKA and its regulator, proteasomes 
and its substrate the dynein light chain, suggest the existence of an enzyme-—substrate 
network that allows a rapid phosphorylation of the dynein light chain to support 
initiation of motility within 1s of exposure to fresh water (Itoh et al., 2003). 
Other enzymes are involved in flagellar motility, such as calmodulin, a calmodulin- 
dependent kinase II, casein kinase I, protein phosphatases, but only few of the protein 
targets of these enzymes are known (Inaba, 2002; Smith, 2002; Smith and Yang, 2004). 


5.4.3 Chemotaxis 


Chemotactic factors from the egg jelly cause spermatozoa to swim towards the eggs 
following the concentration gradient of these substances (Inaba, 2003; Morisawa 
et al., 1999; Neill and Vacquier, 2004) (Fig. 5.3). Some of these factors are secreted 
by the eggs, such as speract and resact in sea urchins (Neill and Vacquier, 2004), 
L-tryptophan in abalone (Riffel et al., 2002) and cholestane-3-ol in herring 
(Cosson, 1990). Others are synthesized by luminal epithelial cells and applied to 
eggs as they progress down the oviduct, such as the 21 kDa chemoattractant allurin 
in the frog Xenopus laevis (Xiang et al., 2004). Chemoattractants are species spe- 
cific and their binding to a plasma membrane receptor on sperm flagella triggers a 
complex cascade of events, including activation of guanylyl and adenylyl cyclases, 


opening of ion (K+, Na*/H*, Ca**) channels, hyperpolarization of the plasma 
membrane and protein phosphorylation (Morisawa et al., 1999; Neill and Vacquier, 
2004). The resulting activation of metabolism and modulation of flagellar waveform 
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Figure 5.3 Schematic representation of the chemotactic response. Trajectories of sea urchin 


spermatozoa incubated in the (A) absence or (B) presence of egg peptide as 
chemoattractant 


asymmetry direct sperm swimming towards the eggs (Inaba, 2003; Neill and 
Vacquier, 2004). 


5.5 Motility in mammalian species with external fertilization 


5.5.1 Sources of ATP 

The ability of mammalian spermatozoa to swim is acquired during their epididymal 
transit but observed only upon dilution with seminal plasma at the time of ejacula- 
tion. Sugars from the seminal plasma, such as glucose and fructose, are the main 
sources of ATP so that sperm motility is maintained for hours (Mukai and Okuno, 
2004; Westhoff and Kamp, 1997). Even though oxidative phosphorylation from 
mitochondrial respiration is more efficient than glycolysis for ATP production, the 
latter energy-generating pathway is more important for sperm motility (Miki et al., 
2004; Mukai and Okuno, 2004). Glyceraldehyde 3-phosphate dehydrogenase-S, 
a sperm-specific glycolytic enzyme, appears to be responsible for up to 90% of the 
ATP generated in spermatozoa and its tight binding to the fibrous sheath supports its 
importance in maintenance of motility (Miki et al., 2004). In hamster spermatozoa, 
a 58 kDa flagellar protein, localized more in mid piece and phosphorylated at motil- 
ity initiation, appears to be the ATP synthase H* transporting F1 complex B subunit 
and could be important for ATP production (Fujinoki et al., 2003). 


5.5.2 Bicarbonate, cAMP and PKA 
The bicarbonate present in seminal plasma activates multiple sperm functions, 
some of which are essential for the initiation of motility. At the biochemical level, 
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bicarbonate raises the intracellular pH, stimulates respiratory activity and facili- 
tates opening of voltage-gated Ca** channels, but also directly activates the sperm 
atypical adenylyl cyclase (Jaiswal and Conti, 2001; Wennemuth et al., 2003). The 
resulting increases in cAMP and Ca** stimulate sperm motility. The role of bicar- 
bonate and cAMP in the induction of sperm motility is illustrated by experiments 
performed in mice. Mouse spermatozoa from the cauda epididymis are poorly 
motile upon dilution in a medium devoid of bicarbonate and, when demem- 
branated, they do not reactivate motility unless cAMP is added with ATP (Si and 
Okuno, 1999). However, addition of bicarbonate to intact cauda spermatozoa 
induces a rapid increase in flagellar beat frequency and a decrease in flagellar beat 
asymmetry (Wennemuth et al., 2003), and then cAMP is no longer needed for the 
demembranation-reactivation assay (Si and Okuno, 1999). The fact that phar- 
macological agents that raise intracellular cAMP, such as phosphodiesterase 
inhibitors, stimulate poorly motile spermatozoa after ejaculation suggests that a 
similar mechanism may exist in the human (Wennemuth et al., 2003). The main 
action of cAMP is probably the stimulation of PKA activity since sperm motility is 
blocked by the PKA inhibitor H89 (Holt and Harrison, 2002) and enhanced by the 
protein phosphatase inhibitors calyculin and okadaic acid (Leclerc et al., 1996; 
Wennemuth et al., 2003). 

The scaffolding of PKA to AKAPs is important for motility initiation since syn- 
thetic peptides that prevent the binding between the AKAP and the regulatory sub- 
unit of PKA block motility (Vijayaraghavan et al., 1997a, b). During epididymal 
maturation in mice, the soluble precursor pro-AKAP82 becomes anchored to the 
sperm fibrous sheath, is phosphorylated and subsequently cleaved to produce the 
mature AKAP82 molecule (Yeung and Cooper, 2003). PKA regulatory subunits I 
and II are found on the fibrous sheath of mammalian spermatozoa (Vijayaragavan 
et al., 1997a, b). In boar, bull and human spermatozoa, the catalytic subunit of PKA 
is found in detergent-resistant structures, on the fibrous sheath and outer dense 
fibers but not on microtubules, consistent with the proposed role of PKA in the 
sliding of the fibrous sheath on underlying outer dense fibers (Moos et al., 1998). 

The regulatory subunit II of PKA is one of the first substrates for PKA activity; 
this detergent-soluble 56 kDa phosphoprotein, axokinin, exists in flagella from sea 
urchin, dog and human spermatozoa and from Chlamydomonas (Tash et al., 1986). 
In hamster spermatozoa, a 36 kDa protein is subjected to cAMP-dependent serine 
phosphorylation during motility initiation. This protein is localized in the fibrous 
sheath and has similarities with a pyruvate dehydrogenase EI component b subunit 
but lacks the N-terminal 30 amino acids (Fujinoki et al., 2004). In intact boar sper- 
matozoa, bicarbonate increases the PKA-dependent phosphorylation of 59, 64 and 
96 kDa proteins within 80s of contact; the 59 and 96 kDa proteins are both mem- 
bers of the outer dense fiber 2 family (Harrison, 2004). 
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Figure 5.4 Use of demembranation-reactivation assay to study controls of sperm motility. Intact 
spermatozoa are immobilized after demembranation with a detergent but the motility is 
reactivated by ATP (upper panel) (P: phosphorylation site on protein). Intact spermatozoa 
immobilized by a treatment with ROS (ATP depletion and decreased protein 
phosphorylation) cannot be reactivated after demembranation and addition of ATP unless 
cAMP and PKA are also added 


Exposure to reactive oxygen species (ROS) or rotenone cause ATP depletion and 
inhibit the motility of intact human spermatozoa (de Lamirande and Gagnon, 
1992a, b). Under these circumstances demembranated spermatozoa cannot be 
reactivated unless cAMP + PKA or cAMP + PKA + sperm extract are added so 
that axonemes can be rephosphorylated (de Lamirande and Gagnon, 1992a, b) 
(Fig. 5.4). When motile spermatozoa are used for the demembranation-reactivation 
assay, both Triton-soluble (14.8 and 15.3kDa) and insoluble (36 and 51kDa) 
proteins are substrates for cAMP/PKA (Leclerc and Gagnon, 1996). When intact 
spermatozoa are first immobilized by ATP depleting treatment before the demem- 
branation-reactivation assay, PKA phosphorylates proteins of 16.2, 46 and 93 kDa 
(Leclerc and Gagnon, 1996). Therefore, even though the need for PKA in the initi- 
ation of motility is recognized, the specific role of each of its phosphorylated 
substrates in sperm motility is still to be evaluated. 
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5.5.3 Other phosphorylation events associated with sperm motility 
Sperm motility is increased by phorbol myristate acetate and blocked by sphingo- 
sine, staurosporine and H-7 suggesting the involvement of protein kinase C (PKC), 
which is localized in the equatorial segment and principal piece of the flagellum 
(Rotem et al., 1990). Elements of the extracellular signal-regulated kinase (ERK) 
pathway are also present in mammalian spermatozoa (de Lamirande and Gagnon, 
2002; Lu et al., 1999; Naz et al., 1992). The expression of ERK 1 and 2 varies during 
spermatogenesis in mice and these kinases could contribute to the acquisition of 
sperm motility (Lu et al., 1999). In demembranated-reactivated fowl spermatozoa, 
the addition of ERK or p34cdc2 kinase substrate peptides inhibits motility, suggest- 
ing that these kinases mediate the phosphorylation of axonemal and/or accessory 
cytoskeletal proteins and are important for flagellar motility (Ashizawa et al., 1997). 

Ras, a small GTP-binding protein present on the sperm acrosomal cap (human; 
Naz et al., 1992) and flagellum (hamster; NagDas et al., 2002) could be involved in 
flagellar motility through interaction with some downstream effectors, the ERK 
pathway, PKC and phosphatidylinositol 3-kinase (PI3K) (NagDas et al., 2002; Naz 
et al., 1992). Another small GTP-binding protein, Rho, is found in bovine and 
murine sperm tails and its inactivation due to ADP-ribosylation by the C3 exoen- 
zyme blocks motility (Fujita et al., 2000; Hinsch et al., 1993). Rhophilin, a 71 kDa 
Rho-binding protein, is localized at the outer surface of the outer dense fibers and 
acts as an adaptor protein (Nakamura et al., 1999). Finally, ropporin, a sperm- 
specific binding protein of rhophilin is localized exclusively on the sperm fibrous 
sheath and its N-terminal 40 amino acid sequence has a high homology to that of 
the regulatory subunit type II of PKA (Fujita et al., 2000). Therefore, complexes of 
Rho, rophilin and ropporin, similar to those formed in vitro, may have a role in vivo 
in the regulation of sperm motility. 

Protein phosphorylation is also regulated by phosphatases (Tash and Bracho, 
1994). The motility of human ejaculated spermatozoa is improved by phosphatase 
inhibitors (okadaic acid, calyculin A) (Leclerc et al., 1996). Similar compounds 
trigger motility in epididymal spermatozoa, suggesting that low protein kinase and 
high protein phosphatase activities control motility in these cells (Huang et al., 
2004). AKAPs could participate in this effect since they scaffold PKA, PKC and the 
protein phosphatase calcineurin (Feliciello et al., 2001). Furthermore, the activity 
of protein phosphatase 1y2 decreases during epididymal maturation and motility 
acquisition. Protein phosphatase 1y2 is bound to protein 14-3-3, another scaffold 
for transduction elements involved in ERK activation (Huang et al., 2004). 


5.5.4 Other sperm enzymes or factors involved in motility 
Demembranation-reactivation assays in the presence of protease inhibitors and 
substrates indicate that a trypsin-like protease of lysine/arginine ester bond 
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specificity may be involved in human, rabbit, bull and rat sperm motility (de 
Lamirande and Gagnon, 1986). A similar role for protease activity in sperm motil- 
ity has also been reported in chum salmon (chymotrypsin-like) (Inaba and 
Morisawa, 1992), carp and sea urchin (trypsin-like) (Cosson and Gagnon, 1988). 
On the other hand, substrates and inhibitors of transglutaminases also block the 
motility of de¢membranated-reactivated spermatozoa (de Lamirande and Gagnon, 
1989). None of the agents affecting proteases and transglutaminases inhibit 
sperm dynein ATPase activity or affect flagellar beat frequency (de Lamirande 
and Gagnon, 1986, 1989; de Lamirande et al., 1990). However, aprotinin blocks 
the sliding of microtubules in carp and sea urchin spermatozoa (de Lamirande 
et al., 1990). It is hypothesized, in analogy to a theoretical model for the cova- 
lent interaction between actin and myosin in muscle (Loewy, 1968), that sperm 
motility is associated with the formation (through a transglutaminase) and the 
splitting (through a protease) of cross-links between two flagellar structures involved 
in microtubule sliding (de Lamirande and Gagnon, 1986, 1989; de Lamirande 
et al., 1990). 

Spermatozoa possess protein-carboxyl methylase and protein-methy]l esterase, 
that post-translationally and reversibly modify protein charge, structure and func- 
tion (Gagnon et al., 1984, 1986). There is a positive correlation between the 
protein-carboxyl methylase activity in human spermatozoa and the percentage of 
motile cells (Gagnon et al., 1986). Furthermore, epididymal maturation in rats and 
bulls is associated with a 10- to 20-fold drop in protein-methy]l esterase activity 
that parallels the progressive acquisition of sperm motility (Gagnon et al., 1984). 
These reports indicate the importance of the protein-carboxyl methylating— 
demethylating system in sperm motility (Gagnon et al., 1986). 

Epididymal transit is associated with a decrease in the sulfhydryl: disulfide ratio 
of flagellar proteins (Huang et al., 1984) and sperm maturation induced by caput 
ligation causes an oxidation of sulfhydryl groups on sperm proteins rendering 
them similar to those of mature cauda spermatozoa (Seligman et al., 1992). 
Modification of sulfhydryl and disulfide groups affects the activity of many pro- 
teins, such as protein kinases, protein phosphatases and small GTP proteins 
(Forman et al., 2004; Mikkelsen and Wardman, 2003) that could be involved in ini- 
tiation of motility. Removal of zinc (Zn T) from spermatozoa during epididymal 
maturation by proteins such as the macrophage migration inhibitory factor (MIF) 
secreted by epithelial cells (Eickhoff et al., 2004), could be important for the acqui- 
sition of motility potential since flagellar zinc is negatively correlated with motility 
in human spermatozoa (Henkel et al., 2003). Most of the zinc binds to sulfhydryl 
groups of the outer dense fibers and removal of zinc allows the formation of disul- 
fide bridges. This oxidation process may be associated with the increasing ability of 
spermatozoa to generate ROS during epididymal transit (Aitken et al., 2004). 
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5.5.5 Seminal plasma factors that affect sperm motility 

Antioxidants, such as superoxide dismutase, catalase (low levels), vitamins C and E 
and small sulfhydryl-containing molecules (glutathione) (de Lamirande and Gagnon, 
1999; Zini et al., 1993), protect spermatozoa from oxidative stress and related loss 
of motility (de Lamirande and Gagnon, 1992a, b; de Lamirande and Gagnon, 1999; 
chapter by Aitken in this book). High levels of immunosuppressors, such as 
proteasomes, polyamines (spermine and spermidine) and transforming growth 
factor-B, are also present in seminal plasma and protect spermatozoa from a loss of 
motility during infection (Kelly, 1999). 

Semenogelin (I and II) is the main protein of the semen coagulum in humans 
and represents upto 20% of seminal plasma proteins (Robert and Gagnon, 1999). 
After ejaculation, it is rapidly degraded by prostate specific antigen, a chymotrypsin- 
like protease (Robert and Gagnon, 1999). In vitro, sperm motility is inhibited by 
semenogelin and one of the degradation polypeptides, called the seminal plasma 
motility inhibitor, when added at levels similar to those found in semen (Robert 
and Gagnon, 1999). Semenogelin and its degradation peptides are associated with 
Triton-soluble and -insoluble sperm fractions and may have various biological 
effects, such as an inhibin-like activity, increase in sperm hyaluronidase activity, 
zinc shuttling and dynein ATPase inhibition (Robert and Gagnon, 1999). 


5.5.6 Sperm hyperactivation 

Capacitation, a maturation step that spermatozoa undergo during their transit 
through the female genital tract, involves multiple metabolic, biochemical, membrane 
and ionic changes (de Lamirande et al., 1997; Yanagimachi, 1994; chapter by Visconti 
and Gadella in this book) and is temporally associated with the development of hyper- 
activated motility. The relatively linear and progressive swimming pattern of sperma- 
tozoa in seminal plasma is modified to motility patterns qualified as non-progressive, 
vigorous, whiplash type, frantic, high amplitude, etc. (Burkman, 1991; de Lamirande 
et al., 1997; Ho and Suarez, 2001; Murad et al., 1992; Yanagimachi, 1994) (Fig. 5.5). 
Even though sperm motility characteristics are species specific, common elements 
during hyperactivation are that the flagellar beating becomes less symmetrical and fla- 
gellar bends are more pronounced. The radius of curvature in flagellar bends appears 
to be larger in spermatozoa that have thicker outer dense fibers (Ho and Suarez, 2001). 
In vitro, in the mouse and the hamster, only hyperactivated spermatozoa can effi- 
ciently penetrate media of higher viscoelasticity or density, such as those of fluids from 
the female genital tract or zona pellucida (Ho and Suarez, 2001; Stauss et al., 1995; 
Suarez and Dai, 1992). Observations of human spermatozoa co-cultured with epithe- 
lial cells from fallopian tubes (Pacey et al., 1995) or mouse spermatozoa in oviducts of 
naturally mated mice (Demott and Suarez, 1992) indicate that hyperactivation helps 
spermatozoa to break free from the oviduct and progress along this tissue. 
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Human sperm hyperactivation. Motility patterns of (A) non hyperactivated or 
(B) hyperactivated spermatozoa. Tracks (2/3 second) were obtained using the CellSoft 
Research Module 


Intracellular Ca** is probably the most important factor in the regulation of 
sperm hyperactivation and is responsible for the increased flagellar asymmetry (Ho 
and Suarez, 2001). Intracellular Ca** increases during hamster sperm hyperactiva- 
tion and the local fluctuations in Ca** concentration that occur throughout whole 
spermatozoa correlate best with the flagellar beat cycle detected in the proximal fla- 
gellar midpiece (Suarez et al., 1993). Furthermore, human spermatozoa submitted 
to a progesterone gradient to simulate the approach to the oocyte, show cyclical 


t+ oscillations 


transitions in flagellar beating that parallel the induction of Ca 
(Harper et al., 2004). Ca! T acts on the axoneme since it increases the curvature of 
the principal flagellar bend and causes hyperactivated motility in demem- 
branated-—reactivated bull spermatozoa (Ho et al., 2002). The origin of the Ca** 
needed for hyperactivation is still debated and could be from an influx from the 
extracellular medium and/or intracellular stores (Ho and Suarez, 2001; Harper 
et al., 2004). Sperm hyperactivation is complex and ionic changes represent only a 
part of the requirements. Hyperactivated spermatozoa demembranated and reacti- 
vated with cytosolic extracts from hyperactivated spermatozoa had higher velocity 
and lower linearity than control spermatozoa demembranated and reactivated in 
control cytosolic extracts indicating that sperm hyperactivation is accompanied by 
interdependent changes at cytosolic and axonemal levels (Murad et al., 1992). 
Depending on the species and the level of maturity of spermatozoa, the require- 
ment for bicarbonate in hyperactivation varies. Epididymal spermatozoa (mouse 
or hamster) require high bicarbonate concentrations (25mM) for hyperactiva- 
tion (Boatman and Robbin, 1991). However, ejaculated spermatozoa exposed to 
bicarbonate (25 mM) in seminal plasma (Okamura et al., 1985) require lower con- 
centrations (2-3 mM) of this anion to initiate hyperactivation when using biolog- 
ical fluids used as inducers (de Lamirande and Gagnon, 1993a, b; de Lamirande 
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et al., 1993; Murad et al., 1992). Bicarbonate activates adenylyl cyclase (Okamura 
et al., 1985) but the cAMP produced is not sufficient for hyperactivation of whole 
spermatozoa (Mujica et al., 1994) and not needed for that of demembranated— 
reactivated spermatozoa (Ho et al., 2002). It is proposed that activation of cyclic 
nucleotide-gated channels with the resulting Ca T entry may be one of the mech- 
anisms by which cAMP is involved in sperm hyperactivation (Ho and Suarez, 
2001). Bicarbonate could also increase intracellular pH and create the alkaline 
environment that seems to promote hyperactivation in intact human spermatozoa 
(Burkman, 1991). It is worth noticing that the pH of the fluids from the female 
genital tract is close to 8 during the preovulatory period (Nichol et al., 1997), at the 
time spermatozoa are expected to need hyperactivated motility. A basic pH, 
7.9-8.5, is also essential so that demembranated-reactivated bull spermatozoa 
acquire hyperactivated motility (Ho et al., 2002). Therefore, the actions of bicar- 
bonate appear to be multiple and affect different cellular systems. 

Human sperm hyperactivation is prevented by the ROS scavengers, superoxide 
dismutase and catalase (de Lamirande and Gagnon, 1993a, b; de Lamirande et al., 
1997), inhibitors of nitric oxide synthase (Donnelly et al., 1997; Herrero and 
Gagnon, 2001) and nicotinamide adenine dinucleotide phosphate (NADPH) oxi- 
dase (de Lamirande et al., 1997). On the other hand, exogenous ROS promotes 
hyperactivation (de Lamirande and Gagnon, 1993a, b; de Lamirande et al., 1997; 
Herrero and Gagnon, 2001). Spermatozoa themselves produce low and controlled 
amounts of extracellular ROS when incubated under conditions that support 
hyperactivation (de Lamirande and Gagnon, 1995; de Lamirande et al., 1997). The 
sharp rise in oxygen tension from =5% to =20% in fluids from the female repro- 
ductive tract at ovulation time could promote the generation of ROS by spermato- 
zoa (Maas et al., 1976). The sperm enzyme that generates ROS is unknown but is 
suggested to be located at the sperm surface and to be an oxidase that shares few 
similarities with NADPH oxidases of other cell types (de Lamirande and Gagnon, 
1995; de Lamirande et al., 1997; Ford, 2004; Lasségue and Clempus, 2003; Leclerc 
et al., 1996). The sulfhydryl/disulfide pair on sperm proteins could be some of the 
targets for ROS since they readily react with ROS and modifications are easily 
reversed (de Lamirande and Gagnon, 1998, 2003). 

Sperm capacitation is associated with an increased tyrosine phosphorylation 
mainly of two proteins from the fibrous sheath (Aitken et al., 1995; Carrera et al., 
1996; de Lamirande et al., 1997; Leclerc et al., 1996, 1997), but the requirement for 
this in hyperactivation is debated. Tyrosine phosphorylation occurs when hyper- 
activation is initiated and is increased with the triggering of the acrosome reaction 
(de Lamirande et al.,1998), a time at which spermatozoa need vigorous motility to 
swim through the zona pellucida. However, bull spermatozoa are hyperactivated 
by procaine or caffeine, much before tyrosine phosphorylation is increased; 
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furthermore, H89 and Rp-cAMPS (PKA inhibitors) prevent the cAMP/PKA- 
dependent tyrosine phosphorylation but not sperm hyperactivation (Marquez and 
Suarez, 2004). On the other hand, tyrosine phosphorylation of Triton-soluble, 
rather than Triton-insoluble, proteins could modulate human sperm hyperactiva- 
tion (Bajpai and Doncel, 2003). 

Spontaneous sperm hyperactivation in semen occurs in 16% of infertile men 
with normal semen analysis but only in 3% of normal men (de Lamirande and 
Gagnon, 1993c). Semenogelin could prevent premature hyperactivation and the 
related infertility since it blocks in vitro capacitation and hyperactivation at a con- 
centration 200-fold lower than that found in seminal plasma, probably by interac- 
tion and inhibition of the sperm oxidase responsible for the superoxide production 
(de Lamirande et al., 2001). Even though seminal plasma contains other substances, 
such as cholesterol (Cross, 1996; Purdy and Graham, 2004), zinc (Andrews et al., 
1994; de Lamirande et al., 1997) and ROS scavengers (de Lamirande and Gagnon, 
1993c), that are known factors that could prevent premature hyperactivation, this 
fluid also contains factors that can, at low concentrations, induce sperm hyperac- 
tivation (de Lamirande et al., 1993c). Therefore, a fine balance between inhibitory 
and stimulatory factors is needed to prevent premature sperm hyperactivation 
in semen. 


5.5.7 Sperm chemotaxis 

Although sperm chemotaxis is well recognized in sea urchins and fishes, chemo- 
taxis in mammals is still debated maybe because of differences in methods and 
substances tested (Eisenbach, 1999). Oviductal fluid (Oliveira et al., 1999), fol- 
licular fluid (Eisenbach, 1999) and cumulus oophorus (Bronson and Hamada, 
1977) attract spermatozoa, suggesting the possibility of sequential chemotaxis on 
the sperm journey to the egg. The active components of follicular fluid could be 
heat-stable peptides, heparin, epinephrine and atrial natriuretic peptide (Eisenbach, 
1999) but not progesterone, which causes sperm hyperactivation but no chemo- 
taxis (Jaiswal et al., 1999). Only a small sperm population is responsive to chemo- 
attraction and appears to consist mainly of capacitated cells (Cohen-Dayag et al., 
1995; Eisenbach, 1999). 

Contrarily to what is observed in sea urchins, human and rabbit spermatozoa 
respond similarly to factors from human, rabbit or bovine eggs indicating that 
chemotaxis factors are common or very similar and that mammals do not rely on 
this mechanism to avoid interspecies fertilization (Sun et al., 2003). In humans, the 
chemotactic response depends on the activation of several factors, such as the 
sperm olfactory receptor hOR17-4, the membrane-associated adenylyl cyclase and 
the G(olf) protein, all of which are located in the flagellum (Eisenbach, 1999; Spehr 
et al., 2004). 
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5.6 Conclusion 


Sperm motility is a complex phenomenon and its fine regulation by ionic, meta- 
bolic and enzymatic factors allows rapid and very specific changes in response to 
the environment so that fertilization occurs. The components of the axoneme, the 
motility apparatus in all flagella, are highly conserved. Some factors, such as cAMP 
and Ca? +, involved in motility initiation and alterations (chemotaxis and hyper- 
activation) appear common between species. Others, such as phosphorylation of 
proteins or chemoattractants, are more species specific. Motility disorders associ- 
ated with missing or deficient flagellar components or with abnormal environ- 
ment factors can cause infertility. 
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Mammalian sperm are not able to fertilize eggs immediately after ejaculation. They 
acquire fertilization capacity after residing in the female tract for a finite period of 
time that varies depending on the species. In 1951, Chang (1951) and Austin (1951) 
independently demonstrated that such a period of time in the female tract is 
required for the sperm to acquire their fertilizing capacity. Both authors observed 
that freshly obtained rabbit sperm introduced into the Fallopian tubes shortly after 
ovulation were not able to penetrate the eggs; instead if sperm were introduced a few 
hours before ovulation, the majority of the eggs were later observed to be fertilized. 
This observation led them to conclude that freshly ejaculated sperm are incapable of 
penetrating the zona pellucida immediately, and that sperm must remain within the 
female tract for a period before they are able to penetrate the eggs. Following these 
original observations, many studies confirmed that the environment of the female 
tract induces a series of physiological changes in the sperm; these changes are collec- 
tively called ‘capacitation’ Inherent to these first observations was that capacitation 
state became defined using fertilization as end-point. However, a variety of evidences 
suggest that the functional changes occurring in the sperm during capacitation are 
not one event, but a combination of concomitant processes; mainly, the sperm 
acquisition of the ability to undergo an agonist (e.g. zona pellucida, progesterone) 
induced acrosome reaction and the modification in the motility pattern known as 
hyperactivated motility (both enabling efficient zona drilling so that the sperm can 
reach the oolemma). 

Although more than 50 years have passed since sperm capacitation was first 
reported and conditions for in vitro capacitation has been established in a variety 
of mammalian species, it is noteworthy that the molecular basis of this process is 
still today not well understood. Nevertheless, recent work is beginning to point to a 
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unified model of how this event is controlled at the molecular level. To dissect the 
molecular mechanisms involved in sperm capacitation, most authors have used in 
vitro capacitation systems incubating the sperm in chemically defined buffers that 
mimic the glucose and electrolyte content of the oviduct and are enriched with 
serum albumin components. It is important though to keep in mind that capacita- 
tion occurs in the female tract and sooner or later, in vitro capacitation models will 
need to be validated in vivo taking into consideration the physiology of the female 
track that is under hormonal control. The purposes of this chapter are to consider 
some recent contributions towards our understanding of capacitation, to summa- 
rize open questions in this field, and to discuss future avenues of research. Reviews 
by Baldi et al. (2000), Cohen-Dayag and Eisenbach (1994), de Lamirande et al. 
(1997), Flesch and Gadella (2000), Florman and Babcock (1991), Harrison (1996), 
Visconti and Kopf (1998), Visconti et al. (1998), and Yanagimachi (1994) provide 
supplementary reading and complement the material of this chapter. 


6.2 Heterogeneity in sperm populations and in sperm 


Sperm are highly differentiated and polarized cells that can be divided into three 
main components: head, mid-piece, and flagellum. The head consists of the acro- 
some, the nucleus, some cytoskeletal structures, and cytoplasm. The flagellum con- 
tains a central axoneme surrounded by outer dense fibers; in addition, the anterior 
part of the flagellum (mid-piece) contains mitochondria and the posterior part of 
the tail (principal piece) contains a fibrous sheath surrounding the outer dense fibers 
(Eddy and O’Brien, 1994). Taking the sperm structures into account, when one 
attempts to understand the process of capacitation at the molecular level, events 
occurring in the sperm head (i.e. acrosome reaction) and in the tail (i.e. motility 
changes) must be considered. Therefore, one may postulate that components 
involved in the exocytotic and motility machinery of sperm are modified during 
capacitation. Some of these alterations may be initiated by changes in the lipid 
organization of the sperm plasma membrane; these modifications in the lipid order 
are likely to be essential to enhance the fusogenicity of the sperm membranes as a 
preparative step for the agonist (zona pellucida) induced acrosome reaction. In addi- 
tion to this, capacitation may involve alterations in ion currents, changes in the phos- 
phorylation status of certain proteins, changes in protein localization, and/or 
modification of protein-protein interactions. Experiments leading to the identifica- 
tion and characterization of the molecules involved will further increase our under- 
standing of capacitation. 

Regarding the signaling pathways associated with sperm capacitation, it is neces- 
sary to consider two main problems. First, several lines of evidence suggest that only 
a particular fraction of the sperm population undergoes capacitation. Second, as 
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mentioned above, sperm are compartmentalized into several spatially separated 
structures; therefore, it is essential to analyze the topology of the molecular changes 
observed during capacitation. Due to difficulties in experimental conditions, most 
observations regarding the molecular basis of capacitation have been done in com- 
plete sperm suspensions containing sperm in different stages of capacitation as well 
as a subpopulation of deteriorated sperm cells. In addition, most of these experi- 
ments do not address localization of the observed molecular changes within the 
cell. To solve these problems related to sperm heterogeneity and compartmentaliza- 
tion, recent studies have used flow cytometric assessment of capacitated sperm 
(Gadella and Van Gestel, 2004; Harrison and Gadella, 2005), single cell analysis 
(Arnoult et al., 1999; Carlson et al., 2003; Fukami et al., 2003), and a combination of 
these methodologies; that is, microscopic visualization of signaling pathways after 
separation of the sperm subpopulations by flow cytometry (de Vries et al., 2003; 
Flesch et al., 2001a). In this respect, it is also necessary to distinguish among static 
and dynamic experimental approaches; the first referring to experiments such as 
immunolocalization of signaling molecules in fixed cells and the second to experi- 
mental approaches using imaging techniques of living sperm. Altogether, these 
experimental approaches will be essential to understand what is happening in the 
capacitating sperm cells and to discriminate certain features from degenerating 
sperm that can skew the conclusions of a particular experiment. 

An additional problem derived from the division of the sperm in several struc- 
tures is the distribution of energy among different compartments. Given that mito- 
chondria are located in a specific region of the sperm, oxidative respiration and the 
consequent adenosine triphosphate (ATP) generation is restricted to the mid-piece 
of the flagellum. How then do other compartments such as the principal piece of 
the flagellum and the head of the sperm meet their energy needs? In sea urchin 
sperm, a phosphocreatine shuttle has been observed to transfer high-energy phos- 
phate from the mitochondria to the principal piece (Tombes and Shapiro, 1985); 
however, this system is poorly developed or entirely absent in mammalian species 
(Kaldis et al., 1996). The findings of a unique hexokinase type 1 (HK1) in the head 
and in the entire flagellum (Visconti et al., 1996) as well as the discovery of glycer- 
aldehyde-3-phosphate-dehydrogenase (GAPDH) in the fibrous sheath of several 
mammalian species (Bunch et al., 1998) suggest that glycolysis could be the source 
of energy for these extra-mitochondrial compartments. Moreover, GAPDH-S, the 
sperm-specific GAPDH is needed for motility and subsequently for fertilization as 
demonstrated by the analysis of knock-out mice for this enzyme (Miki et al., 2004). 
Supporting the importance of glycolysis in sperm motility, it has been shown that 
prior to capacitation, porcine and mouse sperm produce an important fraction of 
their ATP anaerobically, via the glycolytic pathway (Marin et al., 2003; Mukai and 
Okuno, 2004). Also, recent unpublished data from Sostaric and Gadella suggest that 
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glycolysis is up regulated under incubation conditions that support hyperactive 
motility in bovine sperm. Altogether, these data suggest that glycolysis is important 
in the regulation of sperm motility and in the events leading to hyperactivation. It 
is necessary to stress the implications of these findings because the ATP and energy 
needs associated with capacitation are not restricted to the mid-piece of the sperm 
flagellum. 

Finally, it is also important to take into consideration whether sperm capacita- 
tion is intrinsic to the sperm or whether there are first messengers from the female 
track involved in the induction of the capacitation response. It has been observed 
that certain factors isolated from the oviduct may support capacitation in vivo 
(Killian, 2004; McCauley et al., 2003); however, the fact that sperm could be capac- 
itated in vitro in a defined medium may argue against a female factor responsible for 
the induction of capacitation. If capacitation is intrinsic to the sperm, there are two 
main possibilities to analyze. First, sperm capacitation could be induced by a change 
in the environment, such as changes in HCO; concentration or the presence of 
cholesterol acceptors in vivo and in vitro. Second, it is possible that in addition to 
these environmental changes, the sperm secretes a factor that is indeed responsible 
for capacitation. In this respect, incubation of sperm with the ether phospholipid 
1-O-alkyl-2-acetyl-sn-glyceryl-3-phosphocholine, also known as platelet activating 
factor (PAF) in albumin-free media appears to increase the percentage of capaci- 
tated sperm based on the chlortetracycline (CTC) fluorescence assay (Huo and 
Yang, 2000). Recently, release of sperm PAF into the capacitation medium and bind- 
ing to its receptor on the sperm membrane was shown to induce capacitation 
in vitro by an autocrine loop mechanism (Wu et al., 2001). These different possibil- 
ities are open problems in the capacitation field. 


6.3 Molecular basis of capacitation 


To facilitate consideration of the complex cascade of molecular events that occur 
during capacitation, a discussion of this process may be divided into events that ini- 
tiate capacitation and events that are a consequence of this process. Molecular events 
implicated in the initiation of capacitation include lipid rearrangements in the 
sperm plasma membrane, ion fluxes resulting in alteration of sperm membrane 
potential, and increased tyrosine (tyr) phosphorylation of proteins involved in 
induction of hyperactivation and the acrosome reaction. A working model for initi- 
ation of capacitation based on recent work is presented in Figure 6.1 (see also Plate 7). 


6.3.1 HCO; and the cyclic adenosine monophosphate pathway in mammalian sperm 
Multiple studies have shown that sperm capacitation is a HCO; -dependent 
process (Boatman and Robbins, 1991; Gadella and Harrison, 2000; Lee and Storey, 
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1986; Neill and Olds-Clarke, 1987; Shi and Roldan, 1995; Visconti et al., 1995a). 
Although little is known about the mechanisms of HCO; transport in sperm, 
recent evidence strongly suggests that HCO; transport in these cells is mediated by 
a member of the Na*/HCO 3 co-transporter family, as first described by Romero 
and Boron (1999). This conclusion is based on findings that HCO ; transport in 
sperm has the following properties (Demarco et al., 2003): 
(1) it is electrogenic, 
(2) it is Na* dependent, 
(3) it increases pHi, 
(4) it is blocked by stilbenes, such as 4,4’-diisothiocyanostilbene-2,2’-disulfonic 
acid (DIDS). 
The transmembrane movement of HCO; has been associated with the increase in 
intracellular pH (pHi) observed during capacitation (Parrish et al., 1989; Zeng et al., 
1996). The role of these changes in pHi is not well understood. A second target for 
HCO; action is the regulation of cyclic adenosine monophosphate (CAMP) metabo- 
lism (Garbers et al., 1982). In 1985, Okamura and collaborators (Okamura and 
Sugita, 1983) demonstrated that boar semen contained a low molecular weight fac- 
tor able to induce pig sperm motility; this small factor was also able to stimulate 
adenylyl cyclase (AC), the enzyme responsible for cAMP synthesis. This factor was 
later purified to homogeneity and shown to be HCO; (Okamura et al., 1985). The 
finding that HCO; can stimulate sperm AC was later confirmed in bovine and ham- 
ster spermatozoa (Garty et al., 1988; Visconti et al., 1990). 

The increase in cAMP during capacitation and the stimulation of AC activity in 
sperm by increased levels of intracellular HCO; implicate a role for this enzyme and 
the cAMP signaling pathway in capacitation. Two types of ACs are responsible for 
cAMP synthesis in eukaryotes; a very well studied family of isoforms, known as 
transmembrane adenylyl cyclases (tmACs), and a recently isolated soluble adenylyl 
cyclase (sAC) (Buck et al., 1999). The sAC and tmACs are regulated by different path- 
ways; sAC is insensitive to G-protein or forskolin regulation and is at least 10 times 
more active in the presence of Mn?” than in the presence of Mg”*. The identity of the 
AC activated in capacitating sperm has been the subject of multiple studies; although 
it is still controversial how many ACs are present in the sperm (Baxendale and Fraser, 
2003), multiple evidences demonstrate that one of them is a post-translationally 
modified form of sAC. This conclusion is supported by the following facts: 

(1) Similar to the sperm AC activity, the enzymatic activity of recombinant testic- 
ular sAC is stimulated by HCO; anions (Chen et al., 2000). 

(2) Both the sperm AC as well as sAC is 20 times more active in the presence of 
Mn?* when compared with the activity in the presence of Mg’*. 

(3) Antibodies against the catalytic domain of the testicular sAC recognized two 
sperm proteins corresponding to the deduced molecular masses of the processed 
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and unprocessed forms of the testicular enzyme (Chen et al., 2000) suggesting 
that this cyclase remains associated with sperm after spermatogenesis. 
(4) Antibodies against sAC can immunoprecipitate a fraction containing AC activity 
from mouse sperm (Chen et al., 2000). 
Interestingly, the sequence from the catalytic domain of this cyclase has sequence 
homology to cyanobacterial AC and the cyanobacterial cyclase is also HCO; 
dependent (Chen et al., 2000). Although the testis cyclase has been found in the 
soluble fraction, it is significant that cyclase activity identified in mammalian sperm 
remains associated with the particulate membrane fraction. Further research should 
clarify to which extent and how sAC becomes associated to sperm membranes 
as well as where this process occurs during spermatogenesis or later during epi- 
didymal maturation. 

The HCO; -induced sAC activity results in increasing levels of cAMP in the cell 
(Harrison and Miller, 2000). One of the main targets for cAMP action is the 
cAMP-dependent protein kinase A (PKA), which is composed of two regulatory 
subunits and two catalytic subunits. Both regulatory subunits isoforms (I and II) 
are present in sperm (Vijayaraghavan et al., 1997; Visconti et al., 1997) but do not 
share the same sperm localization. PKA catalytic subunit has a unique N-terminal 
domain in the sperm and it is speculated that this domain is important for the 
localization of the catalytic subunit within the flagellum after PKA activation (San 
Agustin et al., 1998). Once activated, PKA phosphorylates various target proteins 
which are presumed to initiate several signaling pathways (Harrison, 2004; 
Harrison and Miller, 2000). In pig sperm, the kinetics of the sperm sAC response 
to bicarbonate is extremely rapid. The cAMP rises to a maximum within 60s 
(Harrison and Miller, 2000), and the increase in PKA-dependent protein phosphor- 
ylation begins within 90s (Harrison, 2004). Functional changes are initiated 
equally as rapid. It is interesting that cAMP levels fall after their initial rise and 
then, after some 7 min, begin to rise again (although more slowly); PKA-catalyzed 
protein phosphorylation follows a similar time course. One possible explanation of 
this pulse response to bicarbonate with respect to cAMP levels could be the pres- 
ence of a feedback mechanism in which the stimulated PKA phosphorylates the 
enzymes responsible for synthesis and degradation of cAMP, thereby modulating 
their activity (Hanoune and Defer, 2001; Mehats et al., 2002). In this respect the 
following second rise in cAMP levels appears to surpass this feedback mechanism 
and has the kinetics of a sustained response to bicarbonate. 


6.3.2 Changes that occur at the level of the plasma membrane (see Fig. 6.2) 
It is accepted that some of the most important changes accompanying the capacita- 
tion process are at the level of the sperm plasma membrane. Capacitation-associated 
alterations in the sperm plasma membrane architecture can be rapid (Gadella and 
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(A) 


se 


(©) 
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Scramblase 


Figure 6.2 Current models for lateral membrane polarity dynamics upon sperm capacitation. 


(A) Formation of lipid ordered microdomains in the membrane (lipid rafts) that exclude 
freely diffusable transmembrane proteins and attracts GPl-anchored peripheral membrane 
proteins. The raft area is presumably enrichted in cholesterol and in saturated fatty acids 
(for review see Rajendran and Simons (2005)). (B) The extracellular matrix (ECM) 
surrounding the sperm in the female track is heterogeneous; therefore, the ECM may 
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Harrison, 2000, 2002; Harrison, 1996; Harrison and Miller, 2000) or slow (Flesch 
et al., 2001b; Visconti et al., 1999b). Interestingly, early changes in the sperm plasma 
membrane have been associated with the activation of the HCO; /sAC/PKA pathway 
while the late effects are related with the presence of cholesterol acceptors in the 
in vitro incubation medium. 


6.3.2.1 Early events (see Fig. 6.3) 

For many years following the discovery of the bilayer structure of cell membrane 
lipids it was presumed that the component phospholipid species were distributed 
in a random fashion between the two lipid leaflets. However, some 30 years ago, it 
was discovered that the phospholipids are distributed asymmetrically, with sphin- 
gomyelin (SM) being essentially present only in the outer leaflet, phosphatidyl- 
choline (PC) mostly in the outer leaflet, phosphatidylethanolamine (PE) mostly in 
the inner leaflet, and phosphatidylserine (PS) entirely confined to the inner leaflet 
(first reported by Verkleij et al. (1973)). More recent studies have shown that under 
normal conditions, this distribution is maintained by the combined activity of sev- 
eral phospholipid transferases: an aminophospholipid transferase (‘flippase’) that 
moves PS and PE from the outer to the inner leaflet; a non-specific phospholipid 
transferase (‘floppase’) that transfers phospholipids from the inner to the outer 
leaflet; and a bidirectional carrier (‘scramblase’) that moves all four phospholipids 
in both directions across the membrane bilayer. Although the phospholipid asym- 
metry is normally maintained throughout cell life, in certain circumstances the 
transverse asymmetry of the cell’s plasma membrane collapses, with the result that 
PS and PE appear in the outer leaflet. Among other situations, such collapse 
(referred to as ‘scrambling’) is seen during activation of lymphocytes, during aging 
of red blood cells, and during apoptosis (see Balasubramanian and Schroit, 2003; 
Bevers et al., 1998; Zachowski, 1993). 

Although up to now most work on phospholipid asymmetry has been confined 
to mammalian somatic cells, recent investigations have shown that sperm plasma 
membrane phospholipids also show this characteristic, for example, ram (Pomorski 
et al., 1995), bull (Nolan et al., 1995), and boar (Gadella et al., 1999). Furthermore, 
recent boar sperm studies have revealed that physiological levels of bicarbonate 


Caption for fig. 6.2 (cont.) assist in the creation of membrane domains via electrostatic 
interactions with glycolipids or with membrane proteins. Disruption of the ECM might allow 
mixing of lipids and proteins between the two lateral domains. (C) A similar scenario as 
described for B may be valid for the heterogeneous organization of the sperm cytoskeleton. 
(D) Processes A—C may be a result from an increase in disordered lipid packing in the 
sperm plasma membrane due to the bicarbonate induced phospholipids scrambling and 
related efflux of membrane cholesterol. (Adapted from Flesch and Gadella (2000)) 
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Figure 6.3 Early and sustained capacitation responses and relation to downstream events. (A) The 
non-capacitated sperm membrane (in low bicarbonate concentrations). Phospholipids are 
asymmetrically distributed over the membrane lipid bilayer, whereas sterols are diffuse 
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induce a collapse in the phospholipid asymmetry. The collapse is first seen as an 

increase in merocyanine stainability (Harrison et al., 1996) and is subsequently 

detectable by direct staining of emergent surface PE and PS (Gadella and Harrison, 

2002). The collapse is rapid, being first detectable after 2 min of incubation with 

15mM bicarbonate. Merocyanine stainability is maximal after 5 min, while the 

externalization of PE is maximal after 20 min. For a review about the relation of 
phospholipids asymmetry and merocyanine staining see Harrison and Gadella 

(2005). Analysis of phospholipid movements strongly suggests that the cause of 

the bicarbonate-induced collapse is an increase in the activity of a sperm scramblase 

(Gadella and Harrison, 2000). The resulting collapse (‘scrambling’) is reversible 

(at least in the short term (Harrison et al., 1996)); it is mediated by PKA; and it is 

enhanced by protein phosphatase inhibitors (Gadella and Harrison, 2000; Harrison 

and Miller, 2000). Thus, one may deduce that the scramblase in spermatozoa is 
controlled directly or indirectly via a phosphorylation/dephosphorylation signaling 
pathway. In other cell types, the mechanisms of control of phospholipid asymmetry 
have not yet been elucidated, although it has been shown that scrambling can be 
induced in red blood cells through a rise in intracellular Ca**, which activates the 

scramblase and inhibits the flippase (Bevers et al., 1998). 

Three important points should be noted regarding HCO} -induced scrambling: 

(1) It is not unique to boar spermatozoa but has also been detected in spermato- 
zoa from human (de Vries et al., 2003) and stallion (Rathi et al., 2003); more- 
over, the investigations in humans have demonstrated that, as in boar, the 
phenomenon is driven via a PKA-dependent signaling pathway. 

(2) While scrambling is a well-known characteristic of apoptosis (programmed 
cell death), HCO3 -induced scrambling appears not to be related to this process 
in boar and human sperm. In fact, examples of non-apoptotic scrambling have 
been reported (Balasubramanian and Schroit, 2003). 


Caption for fig. 6.3 (cont.) distributed. The PKA signaling pathway is silent. 

(B) Bicarbonate levels are high and enter the sperm cell by means of a Na*/HCO3 
co-transporter. The sAC/cAMP/PKA pathway is reversibly activated and induces ser/thr 
phosphorylation. Either directly or by indirect signaling pathways this lead to the activation 
of phospholipid scramblase causing a different lipid ordering (sperm raft aggregation and 
phospholipid scrambling). (C) Sustained bicarbonate influx possibly by PKA-dependent 
activation of the Na*/HCO3 co-transporter (feed-forward principle, proposed in Fig. 6.1). 
The late responses become irreversible and the sustained membrane changes listed 
together with the rise in tyr phosphorylation of proteins will give rise to downstream 
events in the sperm tail (e.g. a rise in glycolysis and hyperactivated motility) and in the 
sperm head (e.g. increased zona affinity as well as acrosome fusogenicity which is zona 
dependent). SRB-1: Scavenger Receptor B type 1. (Adapted from Flesch et al. (2001a)) 
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(3) HCO; -induced scrambling only takes place at physiological temperatures 
(Gadella and Van Gestel, 2004; Harrison and Gadella, 2005; Harrison et al., 1996). 


6.3.2.2 Late events (see Fig. 6.3) 

Serum albumin, a critical component of in vitro capacitation media, is believed to 
function as a sink for cholesterol by removing it from the sperm plasma membrane 
(Cross, 1996, 1998; Davis, 1981; Davis et al., 1979, 1980; Go and Wolf, 1985; Langlais 
and Roberts, 1985; Suzuki and Yanagimachi, 1989). Although serum albumin may 
have other roles during capacitation (Espinosa et al., 2000), its ability to facilitate 
cholesterol efflux is required for capacitation. For example, capacitation is inhibited 
by the addition of cholesterol and/or cholesterol analogs to the capacitation medium 
(Visconti et al., 1999b). Furthermore, to induce capacitation in vitro serum albumin 
can be substituted by cholesterol-binding compounds, such as high-density lipo- 
proteins (HDL; Therien et al., 1997; Visconti et al., 1999b) and B-cyclodextrins (Choi 
and Toyoda, 1998; Cross, 1999; Osheroff et al., 1999; Visconti et al., 1999a). 

As mentioned above, a very rapid lipid scrambling occurs as an early capacita- 
tion event. The major direct effect of scrambling observed so far is to enable and 
facilitate albumin-mediated cholesterol extraction (Flesch et al., 2001a; Gadella 
and Harrison, 2002). In pig sperm, albumin-mediated cholesterol depletion only 
occurs after the HCO3 induction of membrane lipid scrambling (Flesch et al., 
2001a). The process may take place in two stages. In the absence of albumin, bicar- 
bonate has the effect of altering the cholesterol distribution in the sperm head 
plasma membrane. Without HCO; stimulation, cholesterol (measured using the 
cholesterol-binding antibiotic, filipin) is detected in both the post-acrosomal 
region and the acrosomal region; whereas in HCO; -stimulated cells, the post- 
acrosomal region is no longer labeled and the cholesterol is concentrated in the 
apical acrosomal region (Flesch et al., 2001a). In the presence of albumin, however, 
many of the HCO; -stimulated cells become largely devoid of filipin—cholesterol 
complexes in all regions of the head plasma membrane (de Vries et al., 2003; Flesch 
et al., 2001a; Gadella and Harrison, 2002; Visconti et al., 1999b). It was clear from 
these studies that the albumin-mediated cholesterol depletion was taking place in 
the same subpopulation that showed HCO; -induced lateral reorganization in the 
absence of albumin. These findings regarding the HCO; dependence of choles- 
terol removal are very important with respect to establishing the initial sequence in 
capacitation. Results in pig sperm clearly show that the cholesterol loss is down- 
stream of the HCO; /cAMP pathway and follows the PKA-dependent collapse of 
phospholipid asymmetry. Nevertheless, it should be noticed that cholesterol efflux 
also modulates the cAMP pathway as was demonstrated in mouse sperm (Visconti 
et al., 1999b). A capacitation model should take into account cAMP involvement in 
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both early and late capacitation-associated events. One possible hypothesis consis- 
tent with observations in several species is that initially, HCO} transport increases 
cAMP levels and consequently PKA activity locally promoting scrambling but not 
other cAMP-dependent processes. Once scrambling occurs, cholesterol acceptors 
in the capacitation media, such as bovine serum albumin (BSA), are able to elicit 
cholesterol efflux. By some unknown mechanism this cholesterol exit has a feed- 
forward effect on HCO 3 transport with the consequent activation of sAC and 
cAMP synthesis. This second more sustained increase of cAMP synthesis is likely 
to be responsible for late capacitation-associated processes, such as hyperactive 
motility and the increase in protein tyr phosphorylation. 

Understanding how cholesterol efflux couples to the regulation of signal trans- 
duction pathways intrinsic to capacitation remains rudimentary at present. One 
possibility is that before capacitation, cholesterol concentrates in specialized sperm 
plasma membrane microdomains. It is now established that the lipids in a cell 
membrane display microheterogeneity due to the existence of dynamic complexes 
of cholesterol with sphingolipids (Brown and London, 2000; Simons and Ikonen, 
1997, 2000; Simons and Vaz, 2004). These complexes, known as lipid rafts, 
sequester certain groups of membrane proteins; in addition, lipid rafts may also 
associate in a specific fashion with the cytoskeleton (Anderson and Jacobson, 2002; 
Kusumi et al., 2004; Simons and Toomre, 2000). 

Current concepts attribute important signaling properties to the existence of 
these rafts, acting as they do to bring protein assemblies together. Taking this into 
consideration, depletion or supplementation of cholesterol within the plasma 
membrane will have profound effects on the size and behavior of the raft complexes 
(for recent reviews, see Edidin, 2001; Mayorga et al., 1994; Zajchowski and Robbins, 
2002). In somatic cells, cholesterol removal is thought to disrupt lipid rafts, thus 
activating signaling events involving tyr kinases (TKs), G-proteins, and/or other 
molecules (Brown and London, 1998; Kabouridis et al., 1997; Roy et al., 1999). As 
the activation of similar signaling events during capacitation correlates to the 
removal of cholesterol from the plasma membrane, it can be hypothesized that in 
the sperm, cholesterol may likewise be concentrated in lipid rafts and that choles- 
terol efflux is related to changes in sperm lipid rafts. Supporting this hypothesis, in 
the last years, caveolin has been detected in the plasma membrane overlying the 
acrosomal region and the flagellum of mouse and guinea pig sperm (Travis et al., 
2000; Trevino et al., 2001) suggesting the presence of a special type of lipid raft, 
called caveolae in these cells. 

More recent studies have shown that a 2-h incubation in HCO} and BSA- 
containing capacitation medium induces lateral redistribution of raft marker pro- 
teins such as the glycosyl phospatidyl inositol (GPI)-anchored cytoplasmic droplet 
(CD)59 and caveolin within the sperm head plasma membrane (Cross, 2004; 
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Shadan et al., 2004). Although no particular sperm functional change has yet been 
ascribed to alterations of lipid raft structure and distribution, one may nevertheless 
expect that such changes, resulting from cholesterol removal, will have profound 
effects in subsequent signaling events. For example, it is now well established that 
cholesterol removal is necessary for the capacitation-associated increase in protein 
tyr phosphorylation observed in sperm (see below). It can be speculated that 
changes in lipid rafts play a role in this pathway (Edidin, 2001). In this respect, among 
human sperm incubated in the presence of HCO3, only those with PE exposure in 
the apical head area showed extensive tyr phosphorylation in the tail (de Vries et al., 
2003) suggesting a tight connection between lipid changes and other capacitation- 
associated signaling events. 

Capacitation has long been thought to involve the loss of coating proteins, leading 
to a different organization of the plasma membrane that some authors have described 
as membrane destabilization (references in Harrison (1996)). Such changes in the 
plasma membrane are clearly necessary to render the head plasma membrane fuso- 
genic, not only with the underlying outer acrosomal membrane at the time of the 
acrosome reaction, but also with the oocyte plasma membrane at the time of 
sperm-egg fusion. Loss of coating proteins and membrane changes would expose 
surface receptors such as those through which the zona pellucida induces the acrosome 
reaction. Taking this into consideration, in addition to the lipid raft hypothesis, it is 
important to notice that removal of sterols decreases the cholesterol/phospholipid 
ratio as assessed by different criteria (Davis, 1981; Hoshi et al., 1990; Tesarik and 
Flechon, 1986). This could further account for the membrane fluidity changes (Wolf 
and Cardullo, 1991; Wolf et al., 1986) and redistribution of membrane proteins, 
observed with lectins (Cross and Overstreet, 1987) and antibodies (Rochwerger and 
Cuasnicu, 1992; Shalgi et al., 1990) that occur during capacitation. One possible 
result of the HCO; -induced scrambling and subsequent loss of cholesterol could be 
to weaken the binding of surface proteins. Indeed, in both boar and ram sperm, 
HCO; induces relatively slow alterations in the sperm surface coating (Ashworth 
et al., 1995) visualized as a redistribution of seminolipid, a sperm-specific galacto- 
glycerolipid present in the outer lipid leaflet of the sperm plasma membrane (Gadella 
et al., 1994, 1995). Other possible effects of changes in the sperm plasma membrane 
architecture are likely to be related to alterations in the steady-state intracellular ion 
concentrations with the resultant modification of the sperm resting plasma mem- 
brane potential. This topic is the focus of the following section. 


6.3.3 Sperm plasma membrane potential 
The role of ion flux in sperm function has been shown in multiple species (Darszon 
et al., 2001). It is well established that ions play a role in the regulation of the acro- 
some reaction in sperm of both vertebrate and invertebrates. Other roles for ion 
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transport in different aspects of sperm physiology have also been demonstrated. 
As examples, movement of ions has been associated with sperm motility (Gatti 
et al., 1990; Morisawa and Suzuki, 1980), regulation of intracellular messengers 
(Visconti et al., 1995b; Ward and Kopf, 1993), and mammalian sperm capacitation 
(Arnoult et al., 1999; Zeng et al., 1995). In all these cases, the in vitro influence of the 
external ion composition and the effect of channel blockers suggest that ion chan- 
nels actively participate in the regulation of sperm function. During their transport 
through the male and female reproductive tracts, sperm are exposed to significant 
changes in their surrounding milieu. For example, the epididymal fluid is an envi- 
ronment that contains high K*, low Na*, and very low HCO; concentrations 
(Brooks, 1983; Setchell et al., 1994). After ejaculation, there is a drastic change in the 
ion concentrations, first in the seminal fluid and then in the female tract, K* is 
significantly reduced and the Na* and HCO}; concentrations are significantly 
increased (Brooks, 1983; Setchell et al., 1994; Yanagimachi, 1994). As a consequence 
of these shifts in extracellular ion concentrations, there are changes in the intracel- 
lular concentrations of these ions that lead to alterations in the membrane potential 
of the sperm plasma membrane (Demarco et al., 2003; Munoz-Garay et al., 2001). 

Mammalian sperm capacitation is accompanied by the hyperpolarization of the 
sperm plasma membrane (Zeng et al., 1995). Hyperpolarization is observed as an 
increase in the intracellular negative charges when compared with the extracellular 
environment. What is the functional role of sperm plasma membrane hyperpolar- 
ization during capacitation? Florman and collaborators have speculated that since 
capacitation prepares the sperm for the acrosome reaction, capacitation-associated 
hyperpolarization may regulate the ability of sperm to generate transient intracellu- 
lar Ca?* elevations during acrosome reaction induced by physiological agonists (e.g. 
zona pellucida). In this respect, low voltage-activated (LVA) Ca** T channels cur- 
rents have been measured in spermatogenic cells (Arnoult et al., 1996; Lievano et al., 
1996); these channels may also be present in mature sperm. One unique property of 
IVA Ca?* channels is that they are inactive at membrane potentials equivalent to 
those of sperm before capacitation (Arnoult et al., 1996; Lievano et al., 1996). Thus, 
if LVA Ca?* T channels are involved in the regulation of the acrosome reaction, the 
sperm plasma membrane potential should hyperpolarize before they become able 
to undergo the acrosome reaction (Arnoult et al., 1999; Florman et al., 1998). 
Interestingly, individual sperm studies (Arnoult et al., 1999) demonstrated that after 
1h capacitation, sperm can be divided into two different populations. Approximately 
50% of the sperm remain at a membrane potential close to the uncapacitated popu- 
lation while the rest hyperpolarize to — 80 mV, a potential that can remove inactivation 
from IVA Ca** channels. Arnoult et al. (1999) demonstrated that only the hyper- 
polarized population was able to undergo the acrosome reaction when exposed to 
solubilized zona pellucidae. 
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Under normal conditions, sperm maintain an internal ion concentration markedly 
different from that in the extracellular medium. In vitro, the difference between 
intracellular and extracellular ion concentrations is determined by the relative 
permeability of the sperm plasma membrane to the ions that constitute the capaci- 
tation media. The ion composition of capacitation media mimics that of oviductal 
fluid (Yanagimachi, 1994). These media are high in Na? (about 130 mM) and CI ` 
(about 100 mM), but low in K* (about 5.9 mM). Capacitation media also contain 
Ca** (about 2.7 mM) and HCO; (10-25 mM). In contrast, intracellular fluids of 
sperm have a low concentration of Na* (about 14 mM) and high concentration of 
K* (about 90-120 mM) (Babcock, 1983; Zeng et al., 1995). The free intracellular 
Ca?* concentration of non-capacitated sperm is approximately 0.1 uM or less, but 
during the acrosome reaction it may increase to approximately 10 uM (Arnoult 
et al., 1999; Bailey and Storey, 1994). To date, the intracellular concentrations of 
Cl” and HCO; in sperm have not been determined. 

How are the changes in the sperm plasma membrane potential regulated? It can 
be hypothesized that the capacitation-associated hyperpolarization is the result of 
changes in the activity of ion-selective channels that control the extent of ion flow. 
Consistent with this hypothesis, different components of the capacitation media 
play important roles in the regulation of the sperm plasma membrane potential 
during capacitation. In mouse sperm, it has been shown that in the absence of BSA 
or HCO; (Demarco et al., 2003), the changes in membrane potential do not occur. 
These data suggest that HCO; in the capacitation medium as well as cholesterol 
efflux may have a direct as well as an indirect function in controlling events leading 
to the hyperpolarization of the sperm plasma membrane. Additionally, it appears 
that membrane hyperpolarization may be partially due to an enhanced K* perme- 
ability as a result of a decrease in inhibitory modulation of K* channels (Zeng et al., 
1995). Recently, Mufioz-Garay et al. (2001) demonstrated with patch clamp tech- 
niques that inward rectifying K* channels are expressed in mouse spermatogenic 
cells and proposed that these channels may be responsible for the capacitation- 
associated membrane hyperpolarization. Consistent with this hypothesis, Ba?* 
blocks these K* channels with an IC50 similar to that shown to inhibit the zona 
pellucida-induced acrosome reaction, one of the landmarks of capacitation. How the 
HCO; , BSA, and different ion permeabilities integrate to regulate the changes in the 
sperm plasma membrane potential is not known and warrants further investigation. 


6.3.4 Phosphorylation events during capacitation 
Post-translational protein modifications through serine/threonine (ser/thr) or tyr 
phosphorylation by protein kinases and/or dephosphorylation of these residues by 
phosphoprotein phosphatases play a role in many cellular processes including trans- 
duction of extracellular signals, intracellular transport, and cell cycle progression 
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(Manning et al., 2002). With the exception of PKA, kinase(s) involved in the regula- 
tion of sperm function are not well defined. Similarly, very little is known about the 
proteins undergoing phosphorylation during capacitation. Capacitation-associated 
changes in protein tyr phosphorylation have been demonstrated in multiple species 
including the mouse (Visconti et al., 1995a), bovine (Galantino-Homer et al., 1997), 
human (Leclerc et al., 1996; Osheroff et al., 1999), pig (Kalab et al., 1998), and ham- 
ster (Devi et al., 1999; Visconti et al., 1999c). In addition, it has been demonstrated 
that the capacitation-associated increase in protein tyr phosphorylation is down- 
stream of a cCAMP/PKA pathway in mouse sperm (Visconti et al., 1995b) and other 
species (Galantino-Homer et al., 1997; Kalab et al., 1998; Leclerc et al., 1996; Osheroff 
et al., 1999). This pathway appears to be tightly controlled by components in the 
capacitation medium; for example, in the absence of BSA, Ca?*, or HCO; neither 
capacitation nor the increase in tyr phosphorylation is observed. Furthermore, con- 
centrations of these compounds needed for tyr phosphorylation are correlated with 
those required for capacitation (Visconti et al., 1995a). As discussed in previous sec- 
tions, HCO; modulates the sustained cAMP pathway in sperm; therefore, its role in 
the regulation of tyr phosphorylation is likely to be associated with this sustained up 
regulation of the cAMP pathway in sperm. Two recent publications illustrate this 
point; first, sperm from mice that lack sAC do not display changes in their tyr phos- 
phorylation pattern after incubation in a capacitation-supporting media (Esposito 
et al., 2004); second, sperm from knock-out mice lacking C2a, the testis-specific 
PKA catalytic subunit, are not able to move actively and are unable to undergo the 
increase in tyr phosphorylation observed in wild type mouse (Nolan et al., 2004). 
These knock-out mice confirm results obtained using cAMP agonists and antago- 
nists on the capacitation-associated increase in tyr phosphorylation. 

There are two important points to have in mind when analyzing the PKA path- 
way in sperm capacitation. First, as mentioned above, the HCO; /cAMP pathway is 
involved in rapid and slow events related with capacitation. The rapid effect of 
HCO; and PKA activation on lipid scrambling and phosphorylation of certain 
protein substrates (Harrison, 2004) is on a different time scale to its effect on pro- 
tein tyr phosphorylation. The former occurs within 5 min of incubation in capac- 
itation media while the later is detectable only after a longer incubation that varies 
dependent on the species, being around 45 min in mouse (Visconti et al., 1995a) 
and more than 60min in boar sperm (Harrison, unpublished observations). 
Second, PKA is a ser/thr kinase that is not able to directly phosphorylate proteins 
on tyr residues; thus, an intermediate TK must be involved in capacitation. Three 
possible mechanisms of interaction between PKA and protein tyr phosphorylation 
are as follows: 

(1) Direct or indirect stimulation of a TK by PKA (a ser/thr kinase). 
(2) Direct or indirect inhibition of a tyr phosphatase. 
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(3) Direct or indirect phosphorylation of proteins by PKA on ser or thr residues 
that prime these proteins for subsequent phosphorylation by a TK. 

We discriminate between direct effects (e.g. when the enzymes involved in the sig- 
naling cross-talk are directly phosphorylated by PKA) and indirect effects (e.g. 
when PKA phosphorylation affect other intermediary pathways, such as other 
kinases, membrane reorganization, and/or ionic fluxes). These inter-related possi- 
bilities are currently being explored. It is predicted that identification of specific 
enzymes and substrates involved in the PKA/tyr phosphorylation signaling cross- 
talk pathways will improve our knowledge of sperm capacitation. 

Recently, several groups have made efforts to identify the protein substrates that 
undergo tyr phosphorylation during capacitation. In this respect, the use of two- 
dimensional polyacrylamide gel electrophoresis (2-D PAGE) followed by mass 
spectrometry (MS/MS) provides a comprehensive approach to the analysis of pro- 
teins involved in cell signaling (Alms et al., 1999; Blomberg, 1997; Lewis et al., 2000; 
Soskic et al., 1999). Specifically, changes in tyr phosphorylation can be monitored 
using 2-D PAGE (Gorg et al., 1988; O’Farrell, 1975) followed by Western blot analy- 
sis with anti-phosphotyrosine antibodies. Proteins that undergo changes in tyr 
phosphorylation during cellular processes can then be isolated from a duplicated 
gel stained with silver and sequenced by tandem mass spectrometry MS/MS. This 
approach has been used to identify sperm proteins that undergo tyr phosphoryla- 
tion during capacitation (Asquith et al., 2004; Ficarro et al., 2003; Mitra and Shivaji, 
2004). When analyzing these works it is important to keep in mind that although 
identification of tyr phosphorylation substrates using 2-D PAGE strongly suggests 
that a given protein is phosphorylated on tyrosine residues, a full demonstration 
requires the use of independent methods (e.g. cross-reaction in immunoprecipita- 
tion experiments, direct sequencing, mutagenesis analysis). Similar approaches 
have been attempted with antibodies directed to consensus phosphorylation 
sequences. Noteworthy, recent studies used antibodies against consensus PKA 
phosphorylated sequences. These antibodies recognized a series of proteins after 
treatment with HCO3, among them is oviduct fluid (ODF), a protein from the 
sperm outer dense fibers (Harrison, 2004). 

Identification of phosphorylation substrates using 2-D PAGE is a powerful 
approach. However, although in some cases it is possible to get the exact site of phos- 
phorylation of a candidate protein, more often the phosphorylation site remains elu- 
sive due to the presence of more abundant not phosphorylated peptides. Recently, 
direct sequencing of phosphopeptides by MS/MS has been attempted in human 
sperm (Ficarro et al., 2003). In this work, the authors used Fe**-immobilized metal 
affinity chromatography (IMAC) prior to MS/MS to enrich sperm digests for pep- 
tides containing phosphorylated amino acids. To increase the selectivity of the IMAC 
column for phosphopeptides, acidic residues (i.e. glutamic and aspartic acid) were 
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converted to methyl esters to block their binding to iron before IMAC was employed. 
Using this methodology, 5 sites of tyr, 56 sites of ser, and 2 sites of thr phosphoryla- 
tion were characterized in capacitated human sperm (Ficarro et al., 2003). Similar 
to other high-throughput methodologies, such as microarrays, the advantage of a 
global MS/MS approach to identify phosphopeptides is that this methodology is 
unbiased and is able to generate large amount of data in a relatively short time. On 
the minus side, these high-throughput techniques are often regarded as a descriptive 
analysis of a particular problem. More information can be achieved when these tech- 
niques are used to analyze functional changes occurring in a biological process. In 
the case of sperm capacitation, this goal could be achieved by comparison of the ratio 
of any particular phosphopeptide present in digests of proteins from capacitated and 
non-capacitated sperm cells. For this, the two populations should be labeled differ- 
entially. If the analysis is based in mass spectrometry, differential labeling could be 
achieved by the use of a different isotope of hydrogen for each sample. Ficarro et al. 
(2003) have used this method to compare human sperm before and after capacita- 
tion and were able to show a capacitation dependent increase in serine phosphoryla- 
tion of A-kinase anchoring protein 3 (AKAP 3). Although this work has only identified 
one phosphopeptide, the methodology described here could potentially unveil other 
phosphorylation reactions in the near future. 

Protein kinases play a pivotal role in intracellular signal transduction systems. 
Considering the importance of phosphorylation in the regulation of cellular mecha- 
nisms, it is not surprising that several protein kinases have been shown to be involved 
in spermatogenesis (Sassone-Corsi, 1997). However, it is not known whether kinases 
expressed in the testis are present or not in the mature sperm. As mentioned above 
the best-characterized kinase in sperm is PKA (Visconti et al., 2002). Few other 
kinases have been described in mature mammalian sperm using antibodies; some of 
them are protein kinase C (PKC) (Rotem et al., 1990), glycogen synthase kinase 3 
(GSK 3) (Vijayaraghavan et al., 2000), casein kinase II (Chaudhry et al., 1991a, b), 
mitogen-activated protein kinase (MAP kinase) (Luconi et al., 1998), and at least one 
member of the testis-specific serine kinase (Tssk) family (Hao et al., 2004). 

While these results show the presence of these kinases in the sperm, their role in 
sperm function is not yet understood. Even less is known about the identity of TKs 
in sperm. Although proteins with TK activity have been purified from boar 
(Berruti, 1994) and hamster sperm (Uma Devi et al., 2000), the identity of the 
kinase responsible for this activity is still not known. There is some evidence on the 
presence of TK c-yes (Leclerc and Goupil, 2002) and also of a TK receptor in human 
sperm zona receptor kinase (ZRK) (Burks et al., 1995); however, these reports have 
not been confirmed. Recently, Leclerc and collaborators have found janus kinase 1 
(JAK 1) in human sperm and have shown that cytokines are able to stimulate this 
kinase (Laflamme et al., 2005). This result could potentially open new avenues of 
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investigation on first messenger involvement in the regulation of capacitation. 
Protein kinases are also important from the pharmacological point of view. These 
enzymes have become major targets for the development of novel drugs. Progress in 
the field of small molecule library generation using combinatorial chemistry meth- 
ods coupled to high-throughput screening has accelerated the search for ideal cell- 
permeable inhibitors. In addition, structural-based design using crystallographic 
methods has improved the ability to characterize ligand—protein interaction sites 
that can be exploited for ligand design. Development of novel kinase inhibitors 
should be based on the combination of these technologies. In this respect, a sperm- 
specific kinase with an important role in capacitation will offer new opportunities 
towards an alternative approach for contraception. 


6.3.5 Ca2+ and capacitation 

Numerous studies have demonstrated that capacitation is Ca** dependent. The 
initiation and/or regulation of capacitation Ca** occurs via different targets, some 
of which are involved with cAMP metabolism. Since Ca?* calmodulin can activate 
both the synthesis of cAMP by AC (Gross et al., 1987), as well as degradation by 
cAMP cyclic nucleotide phosphodiesterase (Wasco and Orr, 1984), it is not sur- 
prising that Ca** has both positive and negative actions on capacitation and 
related signaling events. In this respect, the effect of Ca?* on the capacitation- 
associated increase in tyr phosphorylation is controversial. In the mouse, there is 
evidence supporting a positive (Visconti et al., 1995a, b) as well as a negative effect 
of Ca’* in this pathway (Baker et al., 2004). In human sperm, Ca?* has been 
demonstrated to inhibit protein tyr phosphorylation during the first 2 h of in vitro 
capacitation (Carrera et al., 1996; Luconi et al., 1996). 


6.4 Hyperactivated motility 


Hyperactivated motility refers to the changes in the pattern of flagellar beat that is 
observed in mammalian sperm as a result of capacitation. These changes in swim- 
ming behavior were reported first in the hamster and in the guinea pig by Yanagimachi 
(1970, 1972); followed by observations in the mouse (Fraser, 1977), dog (Mahi and 
Yanagimachi, 1976), and rabbit (Overstreet and Cooper, 1978). Since these initial 
reports, hyperactivation has been observed in sperm during in vitro capacitation and 
in sperm flushed from the oviduct near the time of fertilization. It is believed that 
hyperactivation enables sperm to penetrate mucoid oviductal secretions and the 
intercellular matrix in the cumulus oophorus, and also has a role after the acrosome 
reaction to help the penetration of the zona pellucida. As hyperactivation is believed 
to be necessary for fertilization to occur, this process is usually considered as part of 
the capacitation process. Hyperactivation is most likely related to signaling events 
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occurring in the flagellum of the sperm. Although in general the studies on capacita- 
tion have not addressed the localization of the signaling pathways under investigation, 
it can be postulated that several of the changes reported to be associated with capaci- 
tation might correspond to signaling pathways linked to hyperactivated motility. 
Signaling and ionic events involved in motility and probably in the induction of 
hyperactivated motility are recently becoming clearer from normozoospermic knock- 
out mice whose sperm fail to develop normal and/or hyperactivated motility. Two of 
these knock outs are the aforementioned null mutant mouse for sAC (Esposito et al., 
2004) and the one for the sperm-specific PKA catalytic subunit (Nolan et al., 2004). 
These mutant mice are both infertile due to lack of sperm motility and deficiency in 
HCO; -induced capacitation responses. 

In the case of the sAC knock out, these defects were restored by addition of 
membrane permeable cAMP analogs to the sperm incubation medium. Another 
immotile infertile phenotype was obtained by silencing the two genes coding for 
sodium—hydrogen exchangers (NHE1 and NHE5) (Wang et al., 2003). In these 
mice, addition of cAMP agonists is able to restore motility and fertility through 
direct activation of PKA. Another interesting phenotype is found in null mutants of 
a novel testis-specific family of cationic channels, CatSper 1 (Ren et al., 2001) and 
CatSper 2 (Quill et al., 2003). Sperm from the respective knock out of each of these 
genes also showed defects in hyperactivation despite normal tyr phosphorylation 
response (Carlson et al., 2003). Interestingly, these mice present defects in the 
cAMP-induced increase in flagellar Ca’* first described by Wiesner et al. (1998). 
Therefore, hyperactivated sperm motility appears to involve ionic changes upstream 
and downstream of the HCO; -stimulated cAMP/PKA pathway. 

Other interesting knock-out studies strongly suggest that glycolytic enzymes in 
the tail are crucial for motility; null mutant mice for the sperms fibrous sheath- 
specific glycolytic enzyme GAPDH-S are immotile (Miki et al., 2004). In this 
respect, freshly ejaculated sperm cells produce >90% of their ATP by anaerobic 
metabolism and blocking of aerobic ATP production did not result in either a 
reduction of ATP levels or in decreasing sperm motility (Marin et al., 2003; Mukai 
and Okuno, 2004). It is therefore likely that hyperactivated motility is a result of a 
further speeding up of glycolysis as the ATP production rate should equal the 
enhanced ATP consumption rate required for the hyperactive motility state. 


6.5 Preparation for the acrosome reaction 


In addition to the changes in motility pattern, capacitation is usually defined as a nec- 
essary process for the agonist-induced acrosome reaction. In this context, questions 
that are necessary to keep in mind when analyzing the capacitation process are: Why 
cannot acrosomal exocytosis occur before capacitation? Which molecular changes are 
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necessary to allow an agonist, such as the zona pellucida to induce the acrosome 
reaction? As a first approach, to understand the link between capacitation and the 
acrosome reaction, an increased knowledge of the mechanisms that regulate this exo- 
cytotic event in sperm is necessary. Exocytosis is a tightly regulated, complex process 
that involves fusion of a subcellular vesicle, for example, acrosome, with its target 
membrane, for example, overlying plasma membrane, and the subsequent release of 
vesicle contents. Recent evidence suggests that membrane fusion is governed by a few 
conserved protein families regardless of whether membrane fusion occurs between 
intracellular organelles or between trafficking vesicles and the plasma membrane. 
Proteins involved in fusion events include a family of proteins commonly referred to 
as SNARE proteins (soluble N-ethylmaleimide-sensitive attachment protein recep- 
tors; Jahn and Sudhof, 1999). Sperm homologues of SNARE proteins as well as 
SNARE-associated proteins, such as Rab 3A and NSF (N-ethylmaleimide-sensitive 
factor), have been detected in sea urchin (Schulz et al., 1997, 1998) and mammalian 
sperm (Michaut et al., 2000; Ramalho-Santos et al., 2000; Yunes et al., 2000). These 
observations support the idea that the sperm acrosome reaction might be regulated in 
similar ways as exocytotic processes in somatic cells. It is also clear that the induction 
of the acrosome reaction requires calcium influxes and that the opening of these 
channels are linked to the activation of G-protein coupled receptors (Florman et al., 
1989; Ward et al., 1992). Altogether this emerging knowledge on the regulation of the 
acrosome reaction brings up the following hypothesis about how capacitation might 
be linked to the acrosome reaction: 
(1) a receptor(s) molecule changes its conformation during capacitation allowing 
recognition by specific agonists, such as the zona pellucida and/or progesterone; 
(2) molecular changes occurring during capacitation couple downstream signal- 
ing molecules to the receptor; 
(3) proteins directly related to exocytosis, such as the aforementioned SNAREs 
become docked and primed for membrane fusion during capacitation; 
(4) changes in the plasma membrane lipid composition and architecture that 
increase the fusogenic nature of the plasma membrane; 
(5) capacitation-associated changes in the sperm plasma membrane potential 
resulting in modifications of ion channel properties; 
(6) a combination of all these possibilities. 
Although it is still not understood which of these possibilities is correct, they can 
give a mark of reference to the study of capacitation. 


6.6 Some precautions when working on sperm capacitation 


Sperm capacitation is a lengthy process in which early changes take place as rapidly 
as 1 min whereas full capacitation is accomplished within hours (depending on the 
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mammalian species of interest). Therefore, one cannot design a single in vitro 
capacitation assay, and the existing assays discriminate non-responding from 
responding cells at different time intervals of capacitation (Flesch et al., 2001a). As 
it is generally considered that capacitation destabilizes sperm cells, it is important 
to avoid artificial destabilization of the sperm plasma membrane. In this respect, 
when measuring capacitation, one important parameter to consider is the temper- 
ature at which the sperm are capacitated. For example, in pig sperm, capacitation 
in vitro is usually performed at 38°C, the physiological temperature, in a tube that 
is placed under a 5% CO, humidified atmosphere, instead in mouse and human 
capacitation is performed at 37°C (Marin-Briggiler et al., 2002; Visconti et al., 
1995a). Under these conditions, sperm can be kept alive for hours without notable 
cell decay. On the other hand, cooling of the sperm only slightly to 30°C results in 
cell deterioration and false acrosome reactions (Gadella and Harrison, 2000); in 
fact these membrane alterations resemble the ones observed after freeze thawing of 
sperm cells. Consequently the latter phenomenon has been described as cryo- 
capacitation (Green and Watson, 2001); however, the validity of this concept has 

not been tested and is subject of debate (Cornelius, 1995; Pommer et al., 2003). 

Similarly, it is important to be careful when cholesterol acceptors, such as 

B-cyclodextrins, are used. These compounds could potentially disrupt membranes 

in the bicarbonate responsive cells (by virtue of lipid modifications) resulting in 

detection of an increased percentage of the spontaneous acrosome reactions 

(Visconti et al., 1999a) and will not shed new light on the mechanisms involved in 

capacitation and the physiologically induced acrosome reaction. 

A battery of assays have been used to measure capacitation, these can be classi- 
fied as follows: 

(1) Assays that observed the physiological state of the sperm, such as the ability of 
the sperm to fertilize an egg in vitro, the onset of the spontaneous acrosome 
reaction, and the percentage of cells undergoing an agonist-induced acrosome 
reaction. 

(2) Assays that used changes in fluorescent patterns, such as the changes observed 
when the sperm are stained with the antibiotic CTC. 

(3) Assays that use correlates of capacitation, such as the aforementioned phos- 
pholipid scrambling or the increase in tyr phosphorylation. 

(4) Assays that consider the percentage of hyperactivated sperm. 

(5) Assays that used pharmacological agents to induce the acrosome reaction, such 
as phorbol esters, lysophospholipids, or Ca** ionophore. 

All these assays present advantages and disadvantages. For example, although only 

capacitated sperm are able to fertilize an egg, a failure in fertilization could be due 

to multiple factors such as an impediment in the ability to acrosome react. Another 
example is the use of CTC; this probe binds in a calcium-dependent manner to the 


158 Bart M. Gadella and Pablo E. Visconti 


surface of sperm and this intrinsic molecular property makes CTC questionable 
for discriminating the calcium-dependent and -independent pathways leading to 
capacitation (de Vries et al., 2003; Rathi et al., 2001). Finally, it is important to con- 
sider that pharmacological agents (like calcium ionophores and lysophospho- 
lipids) could potentially bypass the capacitation process (Yanagimachi, 1994). Due 
to restrictions in the length of this chapter these methods will not be analyzed in 
detail (for an overview of current multiparametric flow cytometric evaluation of 
sperm properties for review see Gillan et al. (2005)); however, it is important when 
analyzing a particular set of results to recognize the limitation of each of these 
methodologies. 


6.7 Discussion and summary 


In this chapter, we have attempted to review some of the advances in the sperm 
capacitation field in the last years. Although the molecular basis of this phenome- 
non is still not well understood, the use of novel technologies such as flow cyto- 
metry, single cell analysis and tandem mass spectrometry in combination with the 
examination of knock-out mice with phenotypes involving capacitation will result 
in considerable advances in our understanding of this process. As a final note, it 
should be highlighted that most of our knowledge of sperm capacitation is coming 
from in vitro experiments. While these observations are important, it should be 
taking into account for future studies the ability of the female tract to control the 
speed of capacitation and to deliver freshly capacitated sperm to all of the ovulated 
eggs. Comparison between in vivo and in vitro capacitation will be necessary to 


fully understand the capacitation process and warrant continued investigation in 
this field. 
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7.2 What 
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Reactive oxygen species (ROS) not only play a key role in mediating the patholog- 
ical consequences of oxidative stress but also drive the biochemical pathways that 
are central to the regulation of normal cell function. Thus, ROS are a two-edged 
sword: a friend when produced in the small quantities needed to promote cellular 
processes such as apoptosis and signal transduction and, because of their promis- 
cuous reactivity, a foe when generated in excess. In this review we shall examine 
both sides of these biologically important molecules in the context of sperm cell 
biology. However, in order to set the scene, we shall first overview the fundamental 
chemistry of ROS and consider the difficulties encountered in detecting these 
short-lived but highly reactive molecules. 


are ROS? 


The term ROS covers a range of metabolites that are derived from the reduction of 
oxygen, including free radicals, such as the superoxide anion (O; `) or the hydroxyl 
radical (OH’), as well as powerful oxidants such as hydrogen peroxide (H,O,). The 
term also covers molecular species derived from the reaction of carbon centred rad- 
icals with molecular oxygen including peroxyl radicals (ROO’), alkoxyl radicals 
(RO’) and organic hydroperoxides (ROOH). ROS may also include other powerful 
oxidants such as peroxynitrite (ONOO `) or hypochlorous acid (HOCI) as well as 
the highly biologically active free radical, nitric oxide (NO). Although NO has been 
implicated in the regulation of sperm function (Herrero and Gagnon, 2001), this 
chapter will confine itself to the major ROS, O; ` and H,O; 

The specific term ‘free radicals’ refers to any atom or molecule containing one or 
more unpaired electrons. As unpaired electrons are highly energetic, and seek out 
other electrons with which to pair, they confer upon free radicals considerable reactiv- 
ity. Thus, free radicals and related ‘reactive species’ have the ability to react with 
and modify the structure of many different kinds of biomolecules including proteins, 
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lipids and nucleic acids. The wide range of targets that can be attacked by ROS is a 
critical facet of their chemistry that contributes significantly to the pathological 
importance of these molecules. 

As most chemical species in biological systems have only paired electrons, free 
radicals are also likely to be involved in chain reactions, whereby new free radical 
products are formed. A classical example of such a chain reaction is the peroxida- 
tion of lipids in biological membranes. In this process, a ROS-mediated attack on 
unsaturated fatty acids in the plasma membrane generates peroxyl (ROO’) and 
alkoxyl (RO’) radicals that, in order to stabilize, abstract a hydrogen atom from an 
adjacent carbon, generating the corresponding acid (ROOH) or alcohol (ROH). 
The abstraction of a hydrogen atom from an adjacent lipid creates a carbon cen- 
tred radical that combines with molecular oxygen to create another lipid peroxide. 
In order to stabilize, the latter must abstract a hydrogen atom from a nearby lipid, 
creating yet another carbon radical that on reaction with molecular oxygen will 
generate more lipid peroxides. In this manner, a chain reaction is created that 
propagates the peroxidative damage throughout the plasma membrane (Halliwell 
and Gutteridge, 1999). 

Since the hydrogen abstraction process is facilitated by the double bonds present 
in unsaturated fatty acids, membranes that are rich in the latter will be particularly 
vulnerable to oxidative stress. In this context, spermatozoa are especially suscepti- 
ble because their plasma membranes are extremely rich in unsaturated fatty acids, 
notably 22:6 (Jones et al., 1979). Such an abundance of unsaturated lipids is nec- 
essary to create the membrane fluidity required by the membrane fusion events 
associated with fertilization (acrosomal exocytosis and sperm—oocyte fusion); 
however their presence leaves these cells open to peroxidative attack. Termination 
of such lipid peroxidation chain reactions can be achieved with chain-breaking 
antioxidants such as vitamin E (a-tocopherol). The latter is extremely effective in 
terminating lipid peroxidation cascades in human spermatozoa (Aitken et al., 
1989a) and has been shown to improve the fertility of males selected on the basis 
of high levels of lipid peroxidation in their spermatozoa (Suleiman et al., 1996). 

Some of the major ROS considered important in biological systems are listed in 
Table 7.1. The most commonly encountered species are O> ` and H,O). These mole- 
cules are capable of a range of rapid chemical reactions yielding a correspondingly 
broad range of reaction products. When in aqueous solution, O> ` has a short half-life 
(1 ms) and is relatively inert. The radical is more stable and reactive in the hydropho- 
bic environment provided by cellular membranes. The charge associated with O; ` 
means that this molecule is generally incapable of passing across biological mem- 
branes, although there are reports of this molecule using voltage-dependent anion 
channels for this purpose (Han et al., 2003). As a result of its lack of membrane per- 
meability, O; ` may be more damaging if produced inside biological membranes than 
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Table 7.1. Nomenclature of ROS 


Free radicals 


Non-radicals 


Reactive oxygen species 
Superoxide, O> ` 
Hydroxyl, OH’ 
Hydroperoxyl HO} 
Peroxyl, RO; 

Alkoxyl, RO" 
Carbonate, CO; 
Carbon dioxide, CO7 


Reactive nitrogen species 
Nitric oxide, NO’ 
Nitrogen dioxide, NO; 


Hydrogen peroxide, H;,O; 
Hypochlorous acid, HOCI 
Ozone, Os 

Singlet oxygen, 'O, 

Organic peroxides, ROOH 
Peroxynitrite, ONOO ` 
Peroxynitrous acid, ONOOH 


Nitrous acid, HNO, 
Nitrosyl cation, NOT 


Nitroxyl anion, NO ` 

Dinitrogen tetroxide, N20, 
Dinitrogen trioxide, N;Os 
Peroxynitrite, ONOO ` 
Peroxynitrous acid, OHOOH 
Nitronium (nitryl) cation, NO 
Alkyl peroxynitrites, ROONO 
Nitryl (nitronium) chloride, NO,Cl 


at other sites. It is also important to note that while O; ` can act as either a reducing 
agent or a weak oxidizing agent in aqueous solution, under the reducing conditions 
that characterize the intracellular environment, O> ` acts primarily as an oxidant. 
Many of the effects of O> ` are believed to arise from its conversion to more reactive 
oxidizing species (Fridovich, 1999; Halliwell and Gutteridge, 1999). For example, pro- 
tonation of O; ` forms the hydroperoxyl radical (HO}), a much stronger oxidant 
(Equation (7.1)). It is therefore possible that many oxidations attributed to O> ` are in 
fact caused by HO3. 


HO; = H! + Oz’ (7.1) 


The pH at which this reaction reaches equilibrium (pKa) is 4.8, with the result that 
at physiological pH, HO; represents less than 1% of the O; ` present in a cell. 
However, given the considerable reactivity and membrane permeability of HO; 
this radical is still believed to be a significant contributor to oxidative damage in 
biological systems (Fridovich, 1999) with the potential to initiate lipid peroxida- 
tion cascades (Bielski et al., 1983; Storey, 1997). 

Conversion of O> ` to other ROS also occurs. An important means by which this 
takes place is the dismutation reaction (Equation (7.2)), wherein O> ` reacts with 


173 


Reactive oxygen species: friend or foe 


itself, that is, superoxide is both oxidised and reduced. In this situation, one mole- 
cule of O; ` is oxidized to molecular oxygen, while the other is reduced to H,O): 


O; `+ O; + 2H* H,O, + O, (7.2) 


Superoxide dismutase (SOD) catalyzes this conversion. SODs are metalloenzymes 
thought to be present in all oxygen-metabolizing cells (Gregory et al., 1974). The reac- 
tion can occur spontaneously without SOD, however, in its absence dismutation will 
proceed much more slowly due to the electrostatic repulsion of the anions (rate con- 
stant of about 5 X 10°M s”! at physiological pH) (Fridovich, 1979; Halliwell and 
Gutteridge, 1999). SOD is an efficient catalyst that will drive the above reaction at a 
rate constant of about 1.6 X 10?M~'s~! over a large pH range (5.3-9.5) (Halliwell 
and Gutteridge, 1999). In the human spermatozoon, there is sufficient SOD activity to 
account for all of the H,O, produced by these cells (Alvarez et al., 1987). 

Superoxide formation can also lead to the generation of other types of highly 
reactive species apart from H,O . Many transition metal ions are able to participate 
in these processes, as they possess variable oxidation numbers, permitting them to 
change their redox status by either gaining or losing an electron. Consequently, 
transition metals act as very effective promoters of free radical reactions. For exam- 
ple, in the Fenton reaction (Equation (7.3)), H,O, undergoes decomposition in the 
presence of ferrous ions to produce the pernicious hydroxyl radical (OH’): 


H,0, + Ret — Beit + OH- + OH" 
Fet + O° — Fet + O, (7.3) 


The sum of these two reactions represents the iron-catalyzed Haber—Weiss reac- 
tion (Equation (7.4)): 


Fe2* 
H,O, + OF’ — O, + OH” + OH’ (7.4) 


Thus, O;" also has a key role to play in the above reaction by serving as a reductant 
and facilitating the regeneration of reduced metal ions in the extracellular space. It 
is also well recognized that other transition metals may participate in these reac- 
tions. Thus, while iron is the major player (Toyokuni, 2002), copper is the other 
major candidate and cobalt, aluminium, chromium, nickel and titanium may also 
participate in such reactions (Halliwell and Gutteridge, 1999). Moreover in semi- 
nal plasma, both iron and copper are available in a free state and hence able to take 
part in OH’ production and the consequent promotion of oxidative stress in the 
ejaculate (Kwenang et al., 1987). 
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7.3 Detection of ROS in the male germ line 


Given the importance of ROS and the apparent vulnerability of spermatozoa to 
oxidative stress, it might be anticipated that sophisticated methods have been devel- 
oped to detect these intermediate oxygen metabolites for diagnostic purposes. In fact, 
this area has been severely compromised by the absence of sensitive, accurate analyti- 
cal methods capable of confirming the presence of specific ROS in biological systems. 

The most commonly used method for detecting ROS in an andrological context 
is chemiluminescence, using the probes lucigenin or luminol (Aitken et al., 1992a, 
2004a). Lucigenin (N,N’-dimethyl-9,9’-biacridinium dinitrate) carries a positive 
ionic charge; it is generally thought to be relatively membrane impermeant and to 
respond to O> `, in the extracellular space. However, the positive charge associated 
with this molecule may also favour its partition into mitochondria, as a conse- 
quence of the electronegative mitochondrial membrane potential (Li et al., 1999). 
Indeed, studies using rat spermatozoa as a model indicate that the lucigenin signal 
generated by these cells can reflect O> ` produced by the sperm mitochondria 
(Vernet et al., 2001). However there are no data to suggest that the lucigenin signals 
generated by human spermatozoa are of mitochondrial origin, even though such 
signals are inversely correlated with sperm quality (Aitken et al., 2003) and signifi- 
cantly elevated in cases of male infertility (McKinney et al., 1996; Said et al., 2004). 

One of the key features of lucigenin is that this probe must undergo a one-electron 
reduction to the radical species (LH +’) before it becomes sensitized to the presence 
of O> ` (Fig. 7.1). In the case of mitochondrial O; ` production, this reductive process 
is accomplished by the organelle’s electron transport chain. However, outside of the 
mitochondria, lucigenin reduction can be induced by reductases such cytochrome 
P4s9 reductase or cytochrome b; reductase (Baker et al., 2004). This is particularly the 
case when exogenous nicotinamide adenine dinucleotide phosphate (NAD(P)H) is 
used to drive redox activity in populations of human spermatozoa (Aitken et al., 
1997). The LH+’ generated on reduction then combines with O; ` to produce the 
dioxetane that, in turn, decomposes with the generation of light (chemilumines- 
cence) (Fig. 7.1). Although this chemistry seems straightforward, complications 
may arise due to redox cycling reactions whereby LH +` combines with ground state 
oxygen (O,) to create O> ` and regenerate the parent lucigenin molecule (Fig. 7.1). 
The Oz” artificially created in this manner will then combine LH +' to generate addi- 
tional dioxetane and further the chemiluminescence response (Fig. 7.1). If such 
redox cycling does occur, the particularly intense NADPH-dependent lucigenin sig- 
nals seen in defective human spermatozoa (Aitken et al., 2003; Said et al., 2005) may 
be as much an indication of excessive reductase activity as evidence for the over- 
abundance of O> `. This explanation would provide a link between the high levels of 
redox activity detected in defective spermatozoa by lucigenin chemiluminescence 
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Schematic representation of the chemistry for lucigenin chemiluminescence; Luc?*: 
lucigenin; LH**: a lucigenin radical created by the one electron reduction of Luc?*. The 
reaction of LH** with oxygen generates O>”. The latter then participates in an oxygenation 
reaction with LH** generating a dioxetane that decomposes with the generation of 
chemiluminescence. Any entity that can effect the one electron reduction of lucigenin can 
potentially create a redox cycle in the presence of oxygen that produces high levels of O3° 
and chemiluminescence. It is impossible to distinguish the relative contribution of such 
probe-dependent and cell-dependent chemiluminescence. Hence data obtained with this 
probe should be interpreted with caution 


and enhanced reductase activity due to the presence of excess residual cytoplasm. 
There is certainly a great deal of data to link cytoplasmic retention with defective 
sperm function (Gil-Guzman et al., 2001; Gomez et al., 1996; Ollero et al., 2001; Zini 
et al., 1998) so such an explanation would be fully compatible with our understand- 
ing of the aetiology of male infertility. 

However it has also been argued that the reaction LH+’ with O, is thermody- 
namically unlikely (Afanas’ev et al., 1999) and that redox cycling of this probe does 
not occur in biological systems. Given the high dose of lucigenin typically used to 
detect redox activity in human sperm samples (~250 L.M) the possibility of redox 
cycling cannot be excluded. As a consequence, we currently do not know the extent 
to which the elevated lucigenin signals detected in defective human spermatozoa 
reflect primary O> ` production or the super-abundance of reductases due to the 
presence of excess cytoplasm. What we do know is that the activity of this probe 
correlates well with defective sperm function whether the activity is promoted by 
treatment with NAD(P)H or phorbol ester (Aitken et al., 2003, 2004a; Said et al., 
2004, 2005). 

A similar argument may apply to luminol. This probe has to undergo a one elec- 
tron oxidation before it becomes sensitised to the presence of ROS. In a common 
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Schematic representation of the underlying chemistry for luminol-dependent 
chemiluminescence; L: luminol; L`: a luminol radical created by the one-electron oxidation 
of L. L*: azaquinone formed by the further one electron oxidation of L` by oxygen, 
generating 03° as a by-product. The reaction of L` with O2° or L* with H20, generates 

an unstable endoperoxide whose decomposition leads to production of the 
chemiluminescence species, an electronically excited aminophthallate. Redox cycling 

of the probe could result if human spermatozoa possessed an appropriate reductase 

to convert L* back to the parent L. Any reactant that can achieve the univalent 

oxidation of luminol will generate chemiluminescence in this assay including H203 

and ONOO ` 


form of this assay, horseradish peroxidase is used to promote luminol oxidation in 
the extracellular space. In this form, the luminol assay largely reflects the presence 
of H,O, released to the outside of the cell. In the absence of exogenous horserad- 
ish peroxidase the assay is dependent on the presence of intracellular peroxidases 
in order to activate the probe (Aitken et al., 1992a; Faulkner and Fridovich, 1993). 
The one electron oxidation of luminol leads to the creation of a radical species (L`). 
The latter then interacts with ground state oxygen to produce O> ` that induces the 
oxygenation of L` to create an unstable endoperoxide, which ultimately breaks 
down with the release of light (Fig. 7.2). According to this scheme, O> ` is an essen- 
tial intermediate in the creation of luminol-dependent chemiluminescence and it 
is for this reason that SOD is such an effective inhibitor of this reaction cascade. 
However, the activity of this scavenger should never be taken to indicate the 
primary production of O> ` by human spermatozoa; O> ` is simply an artificially 
created intermediate that is essential for luminol-dependent chemiluminescence 
(Aitken et al., 1992a). Indeed, any univalent oxidant has the potential to generate 
O> `, and hence chemiluminescence, in the presence of luminol, including ferri- 
cyanide, persulphate, hypochlorite, ONOO™ and xanthine oxidase (Fig. 7.2). 
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Hydrogen peroxide lies upstream of O> ` in the reaction scheme depicted in Figure 
7.2 and its involvement in the initial oxidation of luminol, accounts for the inhibitory 
effects of catalase on this form of chemiluminescence. In addition, H,O, will also react 
directly with the azaquinone (L+) and thereby contribute to the formation of excited 
aminophthalic acid, the chemiluminescent species (Nakamura and Nakamura, 1998). 
In species such as the rat and mouse, secondary radical species are created by the sper- 
matozoa (NO, ONOO), possibly as a consequence of H,O-mediated attacks on argi- 
nine, and this greatly increases the intensity of the spontaneous luminol—peroxidase 
signals detected during capacitation (Aitken et al., 2004c). Such signals are not 
detected in suspensions of human spermatozoa for reasons that are, as yet, unclear 
(Aitken et al., 2004c). 

Fundamentally, luminol-based assays are measuring redox activity characterized by 
the cellular generation of oxidizing species capable of creating L’. Notwithstanding the 
reservations that might be expressed concerning the specificity of this probe, the lumi- 
nol assay is robust and generates results that are highly correlated with sperm func- 
tion. Thus Aitken and Clarkson (1987), using A23187-stimulated luminol-dependent 
chemiluminescence for assessment purposes, demonstrated a significant increase in 
the redox activities associated with defective human spermatozoa. This negative asso- 
ciation between A23187-induced, luminol-dependent chemiluminescence and sperm 
quality has been found in patients with overt disruptions to their semen profile such 
as oligozoospermia (Aitken et al., 1989b, 1992b), and in the low density, defective 
sperm populations recovered from Percoll gradients (Aitken and Clarkson, 1988; 
Aitken et al., 1989a). The clinical significance of this assay has also been emphasized in 
a long-term prospective study of 139 couples characterized by a lack of detectable 
pathology in the female partners. In this cohort of patients, a negative association was 
observed between luminol-dependent chemiluminescence and the incidence of spon- 
taneous pregnancy (Aitken et al., 1991). 

The addition of A23187 is probably not necessary for such luminol-based assays to 
yield diagnostic information because the basal and A23187-induced signals are highly 
correlated (r = 0.805; Aitken et al., 1991). Indeed, recent studies have demonstrated 
that spontaneous, unstimulated luminol-dependent signals are, just like the A23187- 
stimulated version of the assay, perfectly capable of identifying the high levels of redox 
activity associated with defective sperm populations (Gil-Guzman et al., 2001; Ollero 
et al., 2001). In any case, a much more powerful stimulus for ROS generation by 
human spermatozoa in the presence of luminol/peroxidase is 12-myristate, 13-acetate 
phorbol ester (PMA), an activator of protein kinase C. 

When sperm populations are isolated from the high density (80-90%) region of 
Percoll gradients and freed of detectable leucocyte contamination, the chemilu- 
minescence elicited by PMA in the presence of luminol/peroxidase shows a very 
tight correlation with sperm quality as reflected by sperm morphology, movement 
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Relationship between the intensity of the PMA-induced chemiluminescence signals 
generated in leucocyte free sperm suspensions recovered from Percoll gradients and the 
quality of the original semen profile as reflected in both the percentage of motile cells 
and sperm concentration in the original semen sample (Gomez et al., 1998) 


characteristics and the capacity for sperm—oocyte fusion (Gomez et al., 1998). 
Significantly, these PMA-induced signals are also negatively correlated with key 
attributes of the original semen profile, including sperm morphology, motility and 
total count (Gomez et al., 1998; Fig. 7.3). In other words, the presence of defective 
spermatozoa exhibiting high levels of redox activity is not just telling us about the 
capacity of these cells to generate H;O,, they are also yielding important informa- 
tion about the underlying quality of the spermatogenic process. This conclusion is 
supported by Gil-Guzman et al. (2001) who also recorded a correlation between 
the luminol signals generated by defective spermatozoa recovered from Percoll 
gradients and the quality of sperm morphology in the original ejaculate. This asso- 
ciation between ROS generation and overall semen quality may reflect the impor- 
tance of cytoplasmic retention as both an indicator of spermatogenic quality and 
as a key factor in the origins of ROS production. 

Apart from luminol and lucigenin there are currently no alternative techniques 
available for monitoring the production of ROS by human spermatozoa. These probes 
have an adequate level of sensitivity and generate data that is reflective of semen qual- 
ity. However, as indicated above, the chemistry of probe activation and chemilumines- 
cence generation is complex and requires careful interpretation (Aitken et al., 2004a). 
Apart from the chemical complexities associated with luminol and lucigenin chemilu- 
minescence, the very sensitivity of these probes means that they are susceptible to 
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interference by a number of factors that have recently been reviewed (Aitken et al., 

2004a). These factors include: 

(1) Time to analysis: The capacity of spermatozoa to generate chemiluminescence 
declines with time. 

(2) Semen liquefaction: Chemiluminescence signals cannot be reliably obtained 
from samples that have not liquefied normally. 

(3) Bovine serum albumin: Supplementation of media with this protein source is 
not recommended because such preparations are heavily contaminated with 
polyamine oxidase activity and can generate spurious signals on contact with 
the polyamines present in human seminal plasma. 

(4) Repeated centrifugation: The mechanical shearing forces associated with 
centrifugation promote ROS generation. 

(5) Medium pH: Chemiluminescence intensity is profoundly influenced by the pH 
of the medium, which must be standardized and tightly regulated. 

(6) Chemical interference: Many chemicals will artificially promote or suppress 
chemiluminescence signals generated by luminol—peroxidase or lucigenin 
(e.g., phenol red, uric acid). 

(7) Leucocytes: Probably the most common source of interference with these assays 
is leucocyte contamination. Leucocytes are professional generators of ROS and 
on a cell-for-cell basis are much more active than spermatozoa in stimulating 
chemiluminescence activity. It is therefore essential that every attempt is made to 
remove contaminating leucocytes before any attempt is made to measure redox 
activity in human sperm suspensions. Techniques for achieving this end have 
been described involving the use of CD45-coated magnetic beads (Aitken et al., 
1996b, 2004a). The effectiveness of this treatment can then been verified using 
leucocyte-specific agonists such FMLP (formyl methionyl leucyl phenylalanine) 
or opsonized zymosan in luminol-peroxidase detection systems (Krausz et al., 
1992). 

Chemiluminescence aside, the field is in urgent need of more definitive techniques 
to specify and quantify the ROS generated by populations of human spermatozoa. 
Techniques such as electron spin resonance simply do not have the sensitivity neces- 
sary to detect the low level of ROS associated with normal human spermatozoa, 
although this technique has been used successfully with rabbit sperm (Chapman et al., 
1984). At the time of writing, chemiluminescence assays based on the use of luminol/ 
peroxidase or lucigenin, represent the state-of-the-art, inadequate as it may be. 


7.4 Impact of oxidative stress on spermatozoa 


The clinical significance of oxidative stress in the aetiology of defective sperm function 
was first indicated by Thaddeus Mann and colleagues at the University of Cambridge, 
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25 years ago (Jones et al., 1979). These authors observed a correlation between the 
lipid peroxide content of human spermatozoa and severe motility loss. This relation- 
ship between motility loss and oxidative stress is striking and has been repeatedly 
demonstrated in independent studies (Aitken and Clarkson, 1988; Aitken and Fisher, 
1994; Alvarez et al., 1987; Sharma and Agarwal, 1996). Thus exposure of human sper- 
matozoa to extracellularly generated ROS induces a loss of motility that is directly cor- 
related with the level of lipid peroxidation experienced by the spermatozoa (Gomez 
etal., 1998). Similarly, the loss of motility observed when spermatozoa are subjected to 
an overnight incubation is highly correlated with the lipid peroxidation status of the 
spermatozoa at the end of the incubation period (Gomez et al., 1998). The prognostic 
value of stress tests based on the loss of motility observed when spermatozoa are incu- 
bated for defined periods of time in the presence of transition metals (Calamera et al., 
1998) is probably another reflection of the importance of lipid peroxidation in the 
modulation of sperm function. The ability of antioxidants such as a-tocopherol to 
rescue sperm motility in vivo and in vitro is yet more evidence that lipid peroxida- 
tion is a major cause of motility loss in populations of human spermatozoa (Aitken 
et al., 1989a; Suleiman et al., 1996). Indeed, measurements of lipid peroxidation have 
been used to select patients for antioxidant treatments incorporating a-tocopherol 
(Suleiman et al., 1996). 

The mechanisms by which lipid peroxidation leads to motility loss probably 
involves changes in the fluidity and integrity of the plasma membrane and a subse- 
quent failure to maintain membrane functions critical to flagellar movement. In 
addition, lipid peroxidation will disrupt other sperm functions dependent on mem- 
brane activity including sperm—oocyte fusion and the ability to undergo a physio- 
logical acrosome reaction (Aitken et al., 1993a, b; Jones et al., 1978). 

Oxidative stress is also a major cause of DNA damage in human spermatozoa. 
Using quantitative polymerase chain reaction (PCR) to calculate lesion frequency, the 
mitochondrial genome has been shown to be much more susceptible to DNA damage 
than the nuclear genome (Sawyer et al., 2003). As a consequence, the integrity of the 
sperm mitochondrial genome is an excellent marker of oxidative stress, even though 
this genome is of no biological significance in its own right because sperm mitochon- 
dria do not generally replicate after fertilization. When quantitative PCR was used to 
compare the lesion frequencies induced in spermatozoa and a variety of other cell 
types following exposure to H,O,, the nuclear genome of the male gamete was shown 
to be particularly resistant to oxidative damage. This resistance is thought to mir- 
ror the unique manner in which nuclear chromatin is packaged in spermatozoa, as 
reflected in the high levels of irradiation required to damage sperm DNA compared 
with somatic cells (McKelvey-Martin et al., 1997). 

During the differentiation of spermatozoa, nuclear histones are progressively 
replaced with small positively charged molecules known as protamines. As a 
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consequence of their small size and charge, protamines permit the packaging of 
sperm chromatin into an extremely small space. In Eutherian mammals, the prot- 
amines possess numerous cysteine residues that become oxidized during epididy- 
mal transit, establishing a series of inter- and intra-molecular disulphide bonds 
that serve to stabilize the nuclear chromatin structure. Such stabilization renders 
the DNA more resistant to oxidative damage. Marsupial spermatozoa cannot sta- 
bilize in this way because their protamines do not contain cysteine and, as a conse- 
quence, their nuclear DNA is significantly more susceptible to oxidative damage 
than Eutherian spermatozoa (Bennetts and Aitken, 2005). 

Adequate compaction and stabilization of sperm nuclear DNA is therefore critical 
for protecting this material from oxidative stress. Amongst Eutherian mammals, 
human spermatozoa appear to be more susceptible to DNA damage than most other 
species. This is largely because the P2 protamine, characteristic of human spermato- 
zoa, has a limited number of thiol groups for disulphide bonding (Jager, 1990). 
Furthermore the protamination of human spermatozoa is notably inefficient, with 
around 15% of the genome remaining histone rich, even in normal fertile men (Aoki 
and Carrell, 2003; Balhorn et al., 1988; Belokopytova et al., 1993). Failures in either 
the ability of the testes to adequately protaminate human sperm chromatin or the 
ability of the epididymis to support subsequent protamine cross-linkage, lead to 
imperfections in the state of chromatin stabilization. Such deficiencies in chromatin 
packaging have, in turn, been associated with an increased risk of DNA damage 
(Sakkas et al., 1998). 

In summary, while spermatozoa are vulnerable to oxidative stress and lipid perox- 
idation, the unique packaging of these cells normally renders the DNA resistant to 
such damage, particularly in Eutherian mammals. However in cases of male infertil- 
ity, poor packaging of the sperm chromatin increases the vulnerability of these cells 
to oxidative DNA damage. This conclusion is in keeping with several studies show- 
ing that spermatozoa from infertile men not only exhibit more basal DNA damage 
but are also more susceptible to damage from both H,O, and X-irradiation (Hughes 
et al., 1998; McKelvey-Martin et al., 1997). 

Thus, even though the nuclear DNA of human spermatozoa is theoretically pro- 
tected from oxidative damage by virtue of its compact assembly, the reality is that 
spontaneous DNA damage is observed more frequently in spermatozoa than 
somatic cells and, moreover, is observed in spermatozoa that have retained their 
capacity for fertilization (Aitken et al., 1998a). This situation is clinically critical 
since it explains how male-mediated toxicology can occur, that is, how DNA dam- 
age originating in the paternal germ line, through such factors as age (Singh et al., 
2003), occupation (Knight and Marrett, 1997; Olshan and Mattison, 1994) and 
smoking (Ji et al., 1997), can have impacts on the health and well-being of children, 
as a result of its transmission to the zygote at fertilization. 
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There is now abundant evidence indicating an increased incidence of conditions 
such as cancer, schizophrenia or dominant genetic mutation in the children of men 
with DNA damage in their spermatozoa because of their age, lifestyle or occupa- 
tion (Lewis and Aitken, 2005). Since spontaneous mutation rates in the male germ 
line are extremely low (Hill et al., 2004), it has been hypothesized that male- 
mediated pathology arises because of the aberrant repair of DNA damage in the 
early embryo, rather than the direct transfer of mutations from the male germ line 
to the offspring (Aitken, 1999; Aitken and Krausz, 1991; Aitken and Marshall 
Graves, 2002; Aitken et al., 2004b) (Fig. 7.4). Clearly, such fundamental issues 
merit further attention. 
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Proposed mechanisms by which oxidative stress in the male germ line can lead to 
genetic disease in the offspring. According to this model, a variety of intrinsic and 
extrinsic factors conspire to generate oxidative stress in the male germ line. Oxidative 
stress is not held to induce mutagenic change in male germ cells but creates non-specific 
DNA damage (strand breaks, oxidative DNA base change, abasic sites) as well as 
peroxidative damage to the sperm plasma membrane. At high levels of oxidative stress, 
the latter predominates and the spermatozoa lose their capacity for fertilization. At lower 
levels of oxidative stress, the DNA-damaged spermatozoa are still able to fertilize the 
oocyte and the latter must then repair the damaged DNA brought in by the fertilizing 
spermatozoon before the initiation of the first cleavage division. Aberrant DNA repair 

by the oocyte is then hypothesized to create mutations in the newly formed zygote, with 
the potential to impair the progress of pregnancy and induce genetic disease in the 


offspring 
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7.5 Origins of oxidative stress associated with defective sperm function 


Figure 7.5 


The oxidative damage detected in human spermatozoa may originate from several 
potential sources. Firstly, the leucocytes that contaminate every human semen sample 
are largely comprised of neutrophils that are commonly in an activated state. Thus the 
levels of spontaneous luminol-dependent chemiluminescence recorded in (unfrac- 
tionated) human semen samples are highly correlated with the levels of leucocyte con- 
tamination (Aitken et al., 1995a; Fig. 7.5). The presence of free-radical generating 
leucocytes in human ejaculates might therefore create a degree of oxidative stress. 
Much depends on the types of leucocytes that are present, their state of activation and 
their origin (Aitken and Baker, 1995). If the leucocytes originate in secondary sexual 
organs, such as the prostate and seminal vesicles, then their ability to cause oxidative 
damage to the spermatozoa will be counteracted by the powerful antioxidant proper- 
ties of human seminal plasma. These antioxidants include small molecular mass free 
radical scavengers, such as ascorbic or uric acid, as well as antioxidant enzymes includ- 
ing SOD and glutathione peroxidase (Aitken and Baker, 1995; Aitken et al., 1996a). As 
a consequence of the protective action of seminal plasma, neutrophil concentrations 
in the range normally encountered in human semen samples (~40,000/ml) do not 
adversely affect sperm function (Aitken et al., 1994, 1995a). If however the seminal 
plasma is removed, and spermatozoa are compacted with leucocytes by centrifugation 
in the absence of antioxidant protection, then oxidative damage to the spermatozoa 
can result, impairing both the functional and genomic integrity of these cells (Aitken 


Log (1+x) Leucocytes 
(104/ml semen) 


Log luminol in semen 
(counts/10 s) 


Positive correlation between the luminol signals generated in unfractionated human 
semen and leucocyte (CD45 positive) contamination (Aitken et a/., 1995a). Encircled 
area indicates that luminol-dependent chemiluminescence can vary by a log order of 
magnitude in the absence of detectable leucocyte contamination, emphasizing the 
underlying contribution of spermatozoa to the luminol signals obtained 
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and Clarkson, 1988; Aitken et al., 1995a; Twigg et al., 1998b). This situation can arise, 
for example, if spermatozoa are swum-up from a washed pellet in the course of 
assisted conception therapy. Such a sperm-preparation strategy will not invariably 
impair sperm function but, if infiltrating leucocytes are present, there is every chance 
that it will do so (Aitken and Clarkson, 1988). Of course, if the leucocytes infiltrate the 
male reproductive system proximal to the origin of the vas deferens, in the testes or 
epididymis, then there is ample opportunity for the ROS generated by activated white 
cells to damage the spermatozoa. Under these circumstances relatively small numbers 
of activated leucocytes could be harmful to the spermatozoa. Unfortunately, because it 
is impossible to determine the origin of seminal leucocytes, their pathological signifi- 
cance is frequently difficult to determine. 

Another potential source of ROS is the spermatozoa themselves (Aitken and West, 
1990; Aitken et al., 1992b). Thus when all of the leucocytes have been carefully 
removed from human sperm suspensions using magnetic beads coated with anti- 
CD45 antibodies, the remaining spermatozoa are frequently capable of generating 
chemiluminescent signals with probes such as luminol or lucigenin. Moreover the 
intensity of these signals is inversely related to sperm function (Gomez et al., 1998). 
Indeed, these signals are the most effective biochemical markers of defective sperm 
function that have been identified to date. Because of the complex chemistry that 
underpins these chemiluminescence responses there is uncertainty about whether 
they actually represent the excessive generation of ROS or the excessive presence of 
enzymes (reductases and peroxidases) capable of activating these probes. (Aitken et al., 
2004a). However the existence of correlations between the chemiluminescence signals 
generated by human spermatozoa, lipid peroxidation and DNA damage (Aitken et al., 
1993b; Gomez et al., 1998; Said et al., 2005) is strongly suggestive that these signals are 
reflecting ROS generation and oxidative stress. 

Oxidative stress may also arise in the male germ line as a consequence of defi- 
ciencies in the antioxidant protection proffered by the male reproductive tract 
(Sharma and Agarwal, 1996). Measurements of total antioxidant activity in semi- 
nal plasma can be readily made and are relevant to sperm function, particularly in 
the protection of these cells during sperm preparation for assisted conception 
(Twigg et al., 1998a, b; Sikka, 2004). However such measurements are not reflective 
of the protection provided to the spermatozoa prior to ejaculation, during their 
prolonged sojourn in the male reproductive tract. And it is at this phase of their life 
cycle that these cells are at their most vulnerable (Aitken et al., 2004b). 


7.6 The physiological role of ROS 


If ROS are so dangerous to spermatozoa, then why have these cells evolved a capacity 
to generate these highly reactive molecules? The answer appears to lie in a poorly 
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understood physiological process that is characteristic of mammalian spermatozoa— 
capacitation. Capacitation is a maturational process that spermatozoa must undergo 
if they are to interact successfully with the oocyte and commence the cascade of inter- 
cellular interactions leading to fertilization. As a biological phenomenon, capacitation 
has been acknowledged for more than 50 years since the pioneering work of Austin 
(1951) and Chang (1951). However, as a biochemical entity, the nature of capacitation 
has only become apparent in the past decade. The most significant finding over that 
period has been the discovery that sperm capacitation involves a dramatic increase in 
the overall level of tyrosine phosphorylation (Visconti et al., 1995). This signal trans- 
duction pathway is driven by cAMP and modulated by the redox status of the cells 
(Aitken et al., 1995b, 1998b; de Lamirande and Gagnon, 1993, 1995; Leclerc et al., 
1998). ROS generation is thought to exert a positive influence on tyrosine phospho- 
rylation in spermatozoa through its ability to influence the intracellular levels of 
cAMP. The case for ROS involvement in cAMP generation and tyrosine phosphoryla- 
tion has now been made for human (Aitken et al., 1995b, 1998b), rat (Lewis and 
Aitken, 2001), mouse (Ecroyd et al., 2003), bovine (Rivlin et al., 2004) and equine 
(Baumber et al., 2003) spermatozoa, via mechanisms that involve the stimulation of 
adenylyl cyclase activity (Aitken et al., 1998b; Lewis and Aitken, 2001; Rivlin et al., 
2004; Zhang and Zheng, 1996). It is also possible that ROS, particularly H,O;, may 
enhance tyrosine phosphorylation through the selective suppression of tyrosine 
phosphatase activity. The latter enzyme contains a key cysteine residue in the catalytic 
domain that must be in a reduced state for phosphatase activity to be expressed. 
Direct exposure of tyrosine phosphatase enzymes to H,O, leads to oxidation of this 
cysteine and a dramatic decline in enzyme activity. (Hecht and Zick, 1992). 

The precise nature of the ROS triggering this cascade is still uncertain. A pivotal 
role for H,O, generation has been suggested by experiments demonstrating that 
direct addition of this oxidant to suspensions of human, hamster or bovine sper- 
matozoa, leads to the stimulation of tyrosine phosphorylation and capacitation 
(Aitken et al., 1998b; Bize et al., 1991; Rivlin et al., 2004). Similarly, the artificial cre- 
ation of oxidizing conditions by exposing spermatozoa to extracellularly generated 
ROS using the glucose oxidase or xanthine oxidase systems, has been shown to 
stimulate capacitation and tyrosine phosphorylation in several species (man, ham- 
ster, bull and horse) via mechanisms that can be reversed by the addition of catalase 
(Aitken et al., 1995b; Baumber et al., 2003; Bize et al., 1991; Rivlin et al., 2004). Even 
the incubation of spermatozoa in the presence of phorbol ester-activated leucocytes 
has been shown to stimulate human sperm capacitation via mechanisms that can be 
reversed by the antioxidants present in seminal plasma (Villegas et al., 2003). The 
biological importance of H,O, has been further emphasized by the ability of cata- 
lase to inhibit the spontaneous induction of tyrosine phosphorylation in capacitat- 
ing mammalian spermatozoa (Aitken et al., 1995b). In addition, catalase has been 
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shown to suppress sperm functions such as hyperactivation, the acrosome reaction 
and sperm—oocyte fusion that are all ultimately dependent on the attainment of 
a capacitated state (Aitken et al., 1995b; Bize et al., 1991; Griveau et al., 1994). 

The stimulation of intense redox activity in spermatozoa by the addition of exoge- 
nous NADPH has also been shown to stimulate tyrosine phosphorylation and/or 
sperm capacitation in a variety of species including man (Aitken et al., 1998b), rat 
(Lewis and Aitken, 2001), bull (Rivlin et al., 2004) and horse (Baumber et al., 2003). 
Measurements of O> ` production using a sensitive chemiluminescent probe failed to 
reveal any evidence for the production of this free radical when mammalian sper- 
matozoa were exposed to NADPH (de Lamirande et al., 1998). However the fact that 
catalase can inhibit the ability of NADPH to stimulate capacitation and tyrosine 
phosphorylation suggests that the active oxygen metabolite generated under these 
circumstances is H,O, rather than O> ` (Aitken et al., 1998b; Rivlin et al., 2004). 

The physiological importance of NADPH-induced free radical generation has 
been emphasized in studies of hexose monophosphate shunt activity during capaci- 
tation. The hexose monophosphate shunt is required to generate the NADPH 
needed by a putative, ROS-generating sperm NADPH oxidase. Involvement of hex- 
ose monophosphate shunt activity in ROS generation and sperm capacitation has 
been emphasized by a number of different studies. Firstly, both the tyrosine phos- 
phorylation cascade associated with sperm capacitation and ROS generation are 
dependent on the presence of glucose (Aitken et al., 1998b). Secondly tyrosine phos- 
phorylation, capacitation and ROS generation can all be blocked by the presence of 
a non-metabolizable glucose analogue, 2-deoxyglucose via mechanisms that can be 
reversed with NADPH (Aitken et al., 1998b; Urner and Sakkas, 2005). Thirdly, inhi- 
bition of shunt activity with 6 amino nicotinamide also suppresses sperm capacita- 
tion via mechanisms that can be reversed by NADPH (Urner and Sakkas, 2005). 
Fourthly, ROS generation by spermatozoa is highly correlated with the presence of 
G6PDH (glucose-6-phosphate-dehydrogenase), a key enzyme in the control of hex- 
ose monophosphate shunt activity (Gomez et al., 1996). Finally, in permeabilized 
spermatozoa, ROS generation can be triggered by the concomitant presence of 
glucose-6 phosphate and NADP+, the substrates required for activation of the 
hexose monophosphate shunt (unpublished observations). 

The minimal cytoplasmic volume associated with mature spermatozoa ensures 
limited production of ROS via this hexose monophosphate shunt-driven mechanism. 
Under these circumstances the shunt is generating just enough NADPH to fuel the 
glutathione reductase system, one of the major protective mechanisms present in 
mammalian spermatozoa. However, if cytosolic volume is increased because of the 
incomplete extrusion of residual cytoplasm during the terminal stages of spermiation, 
then excess NADPH will be generated and ROS production will be increased. In keep- 
ing with this suggestion, clear correlations have been observed between cytoplasmic 
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volume, G6PDH content and redox activity in populations of human spermatozoa 
(Aitken et al., 2004a; Gomez et al., 1996). Moreover, as discussed above, the presence of 
excess residual cytoplasm, as indicated by high levels of cytoplasmic enzymes such as 
LDH, SOD and creatine kinase, has frequently been correlated with functional defi- 
ciencies in human spermatozoa (Aitken et al., 1996a; Casano et al., 1991; Huszar et al., 
1988; Ollero et al., 2001). Similarly, subpopulations of defective immature spermato- 
zoa associated with the retention of excess residual cytoplasm (Said et al., 2005) exhibit 
significantly elevated levels of DNA damage following exposure to exogenous NADPH 
(Aitken et al., 1998a; Said et al., 2005; Twigg et al., 1998a). 


7.7 Conclusions 


In conclusion, ROS represent a two edged sword as far as spermatozoa are concerned. 
On the one hand they are critical for the physiological programming of spermatozoa 
for fertilization through the facilitation of sperm capacitation. This effect involves 
stimulation of tyrosine phosphorylation through the ability of ROS to enhance the 
availability of intracellular cAMP and, possibly, suppress tyrosine phosphatase activity. 
In order to achieve this beneficial effect it is imperative that only limited amounts of 
ROS are generated. This is ensured by the limited availability of cytoplasm in mature 
functional cells, as a consequence of which spermatozoa produce just enough NADPH 
to fuel their glutathione reductase—peroxidase cycle. If, however, excess cytoplasm is 
present then there is the potential for excessive ROS to be produced because of the 
enhanced availability of both substrate and putative oxidase. Excessive ROS genera- 
tion, and/or defects in the antioxidant systems designed to protect spermatozoa from 
oxidative damage, leads to a pathological loss of sperm function. Lipid peroxidation 
of unsaturated fatty acids in the sperm plasm membrane disrupts all membrane- 
dependent functions in these cells including motility and sperm—oocyte fusion. In 
addition, oxidative stress can damage the integrity of DNA in the sperm nucleus and 
mitochondria. Such damage has been associated with failures of fertilization as well as 
abnormal embryonic development and premature pregnancy loss (Lewis and Aitken, 
2005). Given the important clinical consequences of oxidative stress in the male germ 
line, it is imperative that further research is undertaken to determine the source(s) of 
ROS and the development of safe, effective procedures to ameliorate pathologies based 
on the aberrant regulation of redox activity in these highly specialized cells. 
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8.1 Introduction 
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Infertility in general and the proportion of cases where a male factor can be iden- 
tified as the cause (alone or in combination with female factors) are prevalent con- 
ditions (Centers for Disease Control and Prevention, 1997; Hull et al., 1985; Mosher 
and Pratt, 1990). Although diagnostic problems make it difficult to establish the 
extent of the male partner’s contribution with certainty, a number of studies suggest 
that male problems represent the commonest single defined cause of infertility 
(Irvine, 1998). 

Current treatment options for male infertility include a variety of urological pro- 
cedures (surgical and non-surgical), medical-pharmacological interventions, low 
complexity assisted reproductive procedures (such as intrauterine insemination 
(IUI) therapy), and the more advanced and complex assisted reproductive technolo- 
gies (ARTs). Among the latter, in vitro fertilization (IVF) and embryo transfer, aug- 
mented with intracytoplasmic sperm injection (ICSI) in the moderate and severe 
male factor cases, constitute validated and successful ways to assist fertilization. The 
national statistics from the USA (Centers for Disease Control and Prevention, 
2004) reported a 44% incidence of ICSI in 115,392 ART cycles performed during 
2002, a figure that highlights the impact that this assisted fertilization technique has 
recently had on infertility management. 

Other lines of investigation have recently provided further reasons for concern 
in the area of human male reproduction. First, some researchers have reported an 
overall decline in the quantity and quality of spermatozoa present in semen, per- 
haps caused by reproductive bio-hazards, for example, environmental estrogens 
(Irvine, 1997). Second, it has been shown that spermatozoa from infertile men may 
carry chromosomal and/or genetic abnormalities. Such findings are in agreement 
with a slight but significant increase in the incidence of chromosomal anomalies in 
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babies born after ICSI (Bonduelle et al., 1999). Although ICSI represents a ‘boom’ 
in the treatment of men with various degrees of sperm anomalies, its use may 
increase the risk of chromosomal/genetic disease transmission. Third, we also have 
to keep in mind that in most situations ARTs are ‘palliative’ as opposed to ‘curative’ 
of the underlying pathology. The truth of the matter is that in a very large propor- 
tion of male infertility cases (probably over 50% of the cases) the reason of the 
underlying disease is unknown or idiopathic. Consequently, there is a fundamental 
need to carry out research directed towards increasing our understanding of the 
underlying pathophysiology as well as to be able to prevent those conditions result- 
ing in infertility (i.e., sexually transmitted diseases, reproductive bio-hazards and 
others). These steps should lead to the development of simpler, safer, more cost- 
efficient and universally applicable therapies. 

Recent work derived from the clinical arena has demonstrated that ejaculated sper- 
matozoa from subfertile men carry other numerous structural and functional abnor- 
malities. Principally, these include: an abnormal capacity to achieve capacitation, an 
inability to bind to the zona pellucida (ZP) and/or to undergo acrosomal exocytosis, 
as well as the presence of a variety of nuclear/chromatin defects such as DNA frag- 
mentation and aberrations of nuclear proteins. These findings can be observed in the 
presence of normal, subnormal or overtly abnormal basic sperm parameters. The 
presence of these abnormal features is typically associated with an inability to con- 
ceive naturally as well as fertilization failure or low rates of fertilization during IVF 
therapy, thereby decreasing chances of pregnancy. The application of ICSI, on other 
hand, appears to circumvent most of these deficiencies. However, more research is 
needed to determine the true paternal effects and contributions of the normal and 
abnormal male gamete to early embryogenesis (Oehninger et al., 1998). 

As a consequence, it follows that there is a real need to assess sperm functional com- 
petence in an ‘extended’ evaluation of the infertility work-up. There is a fundamental 
gap in the knowledge of the pathogenic mechanisms that impair spermatogenesis, 
spermiogenesis, sperm storage and gamete interaction in the human. Although the 
cellular and molecular mechanisms involved in sperm—oocyte interaction are begin- 
ning to be unraveled in several animal species little is known in the human. 

Within this defying clinical scenario, important practical questions that arise are: 
Which tests of sperm function are validated and predictive of in vivo and/or in vitro 
conception? Can sperm function tests be used to guide clinical management? 


8.2 Assessment of the subfertile patient: the andrological examination and 
the basic semen analysis 


The clinical andrological investigation of the male partner in an infertile couple 
relies on a thorough history and physical examination. Additionally, urological, 
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endocrinological and genetic investigations should be implemented as needed. 
Nonetheless, the semen analysis still remains the cornerstone of the diagnostic man- 
agement. We and others promoted a sequential, multi-step diagnostic approach for 
the evaluation of the various structural, dynamic and functional sperm characteristics 
when abnormalities are found in the initial evaluation (Amann and Hammerstedt, 
1993; Oehninger et al., 1991a, 1997a). This diagnostic scheme should include: 
(i) assessment of the ‘basic’ semen analysis and (ii) functional testing of spermatozoa. 
A comprehensive semen analysis following the World Health Organization (WHO) 
Guidelines (WHO, 1999) is fundamental at the primary care level to make a rational 
initial diagnosis and to select the appropriate clinical management. The collection 
and analysis of the semen must be undertaken by properly trained technologists 
using standardized procedures in accredited laboratories (De Jonge, 2000). 


8.5 The extended semen evaluation 


If abnormalities are found during the basic investigation, or if the couple is diag- 
nosed with unexplained infertility, the work-up should progress to the examination 
of specific structural features, biochemical characteristics and sperm functions. 

Sperm from subfertile men often contain multiple structural and biochemical 
alterations. Anatomically they can be divided into: membrane alterations, that can 
be assessed, for example, by tests of resistance to osmotic stress, translocation of phos- 
phatidylserine; nuclear aberrations, such as abnormal chromatin condensation, 
retention of histones and presence of DNA fragmentation; cytoplasmic lesions as 
evidenced, for example, by excessive generation of reactive oxygen species, loss of 
mitochondrial membrane potential, cytoplasmic retention, or presence of caspases 
and flagellar disturbances, such as abnormalities in the microtubules and/or the 
fibrous sheath. Some of these alterations are indicative of immaturity, presence of 
an apoptosis phenotype, infection-necrosis, or other unknown causes (reviewed in 
Aitken and Baker, 2004; Baccetti et al., 1996, 2002; Barroso et al., 2000; Huszar et al., 
2004; Marchetti et al., 2002; Oehninger et al., 2003). 

Notwithstanding their occurrence and correlation with clinical outcomes, it is 
not clear how these abnormalities directly impact sperm function, particularly motil- 
ity, fertilization and contribution to embryogenesis. Furthermore, many assays are 
still experimental and more research is needed to validate their results in the clini- 
cal setting and to determine their true capacity to predict male fertility potential. 

On the other hand, there are other specific and critical sperm functional capac- 
ities that can be more reliably examined in vitro. These functions include: motility, 
ability to capacitate, ZP binding, acrosome reaction, oolemma binding, nuclear 
decondensation and pronuclear formation. The assessment of some of these features 
is what is typically considered as sperm functional testing (Fig. 8.1). 
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Figure 8.1 Sperm functions that are critical for fertilization to ensue. ZP binding: tight binding of 
sperm to the ZP is tested with the HZA or a zona binding assay. ZP-induced acrosome 


reaction: acrosomal exocytosis triggered by the ZP is tested with the ZIAR microassay 


8.3.1 Sperm function tests 

The categories of assays that are usually considered include: (i) bioassays of 
gamete interaction, that is, the heterologous zona-free hamster oocyte test and the 
homologous sperm—ZP binding assays, (ii) induced-acrosome reaction testing 
and (iii) computer-aided sperm motion analysis (CASA) for evaluating sperm 
motion characteristics (Burkman et al., 1988; Cross et al., 1986; Fraser et al., 1997; 
Liu et al., 1988; Mortimer, 1990; Mortimer et al., 1990; WHO, 1992; Yanagimachi 
et al., 1976). 

We reported a meta-analysis on 34 published and prospectively designed, con- 
trolled studies. The aim was carried out through the examination of the predictive 
value of four categories of sperm functional assays (computer-aided sperm motion 
analysis or CASA, induced-acrosome reaction testing, sperm penetration assay or 
SPA, and sperm—ZP binding assays) for IVF outcome (Oehninger et al., 2000). 
Results demonstrated a high predictive power of the sperm—ZP binding and the 
induced-acrosome reaction assays for IVF outcome. On the other hand, the find- 
ings indicated a poor clinical value of the SPA as predictor of fertilization and a real 
need for standardization and further investigation of the potential clinical utility of 
CASA systems. Although this study provided objective evidence in which clinical 
management and future research may be directed, the analysis also pointed out 
limitations of the current tests and the need for standardization of present method- 
ologies and development of novel technologies. It is important to note that there 
are no studies addressing the validity and predictive power of these assays for 
natural conception. 
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8.3.2 Sperm-ZP binding assays 

The two most common zona binding tests currently used are the hemizona assay 
(HZA) (Burkman et al., 1988) and a ZP-binding test (Liu et al., 1988, 1989). The HZA 
is a diagnostic bioassay testing the binding of human spermatozoa to human ZP to 
predict fertilization potential (Burkman et al., 1988). In the HZA, two matched zona 
hemispheres are created by microbisection of the human oocyte providing three 
main advantages: (1) the two halves (hemizonae) are functionally equal surfaces 
allowing controlled comparison of binding and reproducible measurements of 
sperm binding from a single egg; (2) the test is internally controlled test by being 
performed on a single oocyte and (3) because the oocyte is split microsurgically, even 
fresh oocytes cannot lead to inadvertent fertilization and pre-embryo formation 
(Burkman et al., 1988; Hodgen et al., 1988). 

Sperm—ZP binding tests evaluate the first crucial step of sperm—oocyte interac- 
tion that leads to fertilization, and that is tight binding of spermatozoa to the ZP 
(Yangimachi, 1994). Overstreet and Hembree (1976) were the first to develop an assay 
for evaluating penetration of ZP by human spermatozoa using human oocytes 
recovered from the ovaries of cadavers. Both the HZA and the zona binding test 
have the advantage of providing a functional homologous test for sperm binding 
to the zona comparing populations of fertile and infertile spermatozoa within the 
same assay. The internal control offered by the HZA represents an advantage by 
diminishing the intra-assay variation and decreasing the number of oocytes needed 
during the assay (Burkman et al., 1988; Franken et al., 1989a, 1991a, b; Hodgen et al., 
1988; Oehninger et al., 1991a, b). 

Before a spermatozoon can penetrate the ZP there is a specific need for firm 
attachment between the gametes. Tight gamete binding is attributed to the pres- 
ence of complimentary binding sites or receptors on the surface of the gametes and 
typically these receptors manifest a high degree of species specificity (Ahuja, 1985; 
Oehninger, 2001a; Yanagimachi, 1994). 

For the last two decades, investigators have sought to identify an individual pro- 
tein or carbohydrate side chain as the ‘sperm receptor’. Using ‘knockout mice’, in the 
absence of either ZP protein 2 (ZP2) or ZP protein 3 (ZP3) expression, a ZP fails 
to assemble around growing oocytes and females are infertile. In the absence of ZP 
protein 1 (ZP1) expression, a disorganized zona assembles around growing oocytes 
and females exhibit reduced fertility. These observations are consistent with the 
current model for ZP structure in which ZP2 and ZP3 form long zona filaments 
crosslinked by ZP1 (reviewed in Wassarman et al., 2004). 

However, recent genetic data in mice appear to be more consistent with the three- 
dimensional structure of the ZP, rather than a single protein (or carbohydrate), deter- 
mining sperm binding. Collectively, the genetic data indicate that no single mouse 
ZP protein is obligatory for taxon-specific sperm binding and that two human 
proteins are not sufficient to support human sperm binding. An observed 
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post-fertilization persistence of mouse sperm binding to ‘humanized’ ZP corre- 
lates with uncleaved ZP2. These observations are consistent with a model for sperm 
binding in which the supramolecular structure of the ZP necessary for sperm 
binding is modulated by the cleavage status of ZP2 (Castle and Dean, 1999; 
Hoodbhoy and Dean, 2004; Rankin et al., 1998, 2003). 

Because binding of gametes is a critical step in fertilization and pre-embryo 
development; the HZA has many potential uses in reproductive medicine. Initially 
developed as a test to investigate male infertility and predict fertilization potential, 
this bioassay has been used to assess sperm function after contraceptive treatment 
(Burkman et al., 1988; Hodgen et al., 1988; Oehninger et al., 1991a, b). As is often the 
case, new findings in reproductive medicine can usually be equally applied to infer- 
tility or contraception technology depending on the focus of interest. 

Human oocytes derived from different sources can be used for the HZA, such as 
surgically removed ovaries, post-mortem ovarian tissue and surplus oocytes from 
the IVF program. Since fresh oocytes are not always available for the test, different 
methods for storage have been developed. Overstreet and Hembree (1976) described 
the storage of human oocytes in dimethylsulfoxide (DMSO) at ultra low tempera- 
tures. Additionally, Yanagimachi and colleagues showed that highly concentrated 
salt solutions provided effective protection and storage of hamster and human 
oocytes, such that the integrity of sperm-binding characteristics of the ZP was pre- 
served (Yanagimachi et al., 1979; Yoshimatsu et al., 1988). In developing the HZA, 
the binding ability of fresh, DMSO and salt-stored (under controlled pH condi- 
tions) human oocytes was examined and sperm-binding characteristics of the ZP 
remained intact under all these conditions (Franken et al., 1989a; Kruger et al., 
1991). Subsequently, the kinetics of sperm binding to the zona was assessed. 
Maximum binding occurred at 4—5h of gamete coincubation with binding curves 
similar for fertile and infertile semen samples (Burkman et al., 1988; Franken et al., 
1989a). 

Detailed description of oocyte collection, handling and micromanipulation, as 
well as semen processing and sperm preparations for the HZA have been described 
(Burkman et al., 1988; Franken et al., 1989a). The assay has been standardized to a 
4h gamete coincubation, exposing each hemizona to a post swim-up sperm 
droplet of 500,000 motile sperm/ml. Human tubal fluid medium supplemented 
with synthetic serum substitute or human serum albumin is typically used for 
sperm preparation and gamete coincubation. After coincubation, the hemizona 
are subjected to pipetting through a glass pipet in order to dislodge loosely 
attached sperm. The number of tightly bound spermatozoa on the outer surface of 
the zona is counted using phase contrast microscopy (200). Results are expressed 
as the number of sperm tightly bound to the hemizona for control and patient, and 
also as hemizona index (HZI) the number of sperm tightly bound for the control 
sample (X100) (Burkman et al., 1988). 
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The HZA has been validated by a clear-cut definition of the factors effecting data 
interpretation: that is, kinetics of binding, egg variability and maturation status, 
intra-assay variation and influence of sperm concentration, morphology, motility 
and acrosome reaction status (Coddington et al., 1990, 1991; Franken et al., 1989a; 
1991a, b; Oehninger et al., 1991b). Definition of the assay’s limitations and its small 
intra-assay variation (less than 10%) has maximized the power of discrimination 
of the HZA. Conversely, several oocytes have to be used for other sperm—zona bind- 
ing tests because of the high inter-egg variation. In fact, a high intra-assay coefficient 
of variation (CV) has been reported (Liu et al., 1988, 1989). 

Inter-egg variability is high for oocytes at different stages of maturation (imma- 
ture versus mature eggs) and eggs at the same maturation stage. Egg variability is 
internally controlled in the HZA assay by using the bisected, matching hemizona. 
This allows for direct comparison of fertile versus infertile semen sample binding 
in the same assay and under the same oocyte quality conditions. We have been able 
to determine the intra-egg (intra-assay viability) of human oocytes by incubating 
matching hemizona from eggs at the same maturational stage with homologous 
spermatozoa from the same fertile ejaculate (Oehninger et al., 1989, 1991b, 1992). 
Overall, the mean intra-egg variation between the two matching halves for all cat- 
egories of egg nuclear maturation is approximately 10%. Additionally, we have 
shown that full meiotic competence of human and monkey oocytes are associated 
with an increased binding potential of ZP. It would appear that zona maturation is 
associated with the nuclear development in parallel with cytoplasmic and mem- 
brane maturation leading to a fully fertilizable status. 

The specificity of the interaction between human spermatozoa and the human 
ZP under HZA conditions is strengthened by the fact that sperm tightly bound to 
the zona are acrosome reacted (Coddington et al., 1990; Franken et al., 1991a). Results 
from interspecies experiments using human, cynomolgus monkey and hamster 
gametes have demonstrated high species specificity of human sperm/ZP functions 
under HZA conditions providing further support for the use of this bioassay in 
infertility and contraception testing (Oehninger et al., 1993). 

In prospective blinded studies, we have investigated the relationship between sperm 
binding to the hemizona and IVF outcome (Franken et al., 1989b; Oehninger et al., 
1989, 1991a, 1992, 1997a). Results show that the HZA successfully identifies male- 
factor patients at risk for failed or poor fertilization. Using either a cut-off value of fer- 
tilization rate of 65% (mean — 2SD of the overall fertilization rate in the Norfolk 
Program for non-male-factor patients), or distinguishing between failed versus suc- 
cessful fertilization (0% versus 1-100%), the HZA results expressed as HZI provide a 
valuable means to separate these categories of patients (Oehninger et al., 1992, 1997a). 

Powerful statistical results confirm the utility of the HZA for the predicting IVF 
rates (Franken et al., 1993; Gamzu et al., 1994; Oehninger, 1997a, b). Therefore, the 
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HZA can distinguish a population of male-factor patients that will encounter low 
fertilization rates in IVF and, when combined with other sperm parameters (mor- 
phology and motion characteristics), gives reliable and useful clinical information. 
Of the classical sperm parameters, sperm morphology is the best predictor of the 
ability of spermatozoa to bind to the ZP. Patients with severe teratozoospermia (‘poor 
prognosis’ pattern or less than 4% normal sperm scores as judged by strict criteria) 
have an impaired capacity to bind the zona under HZA conditions perhaps indi- 
cating membrane/receptor defects. We agreed with Liu et al. that the ability of sperm 
to achieve tight binding to the ZP might reflect multiple functions of human sper- 
matozoa (Liu et al., 1988, 1989). 

In our studies, when the HZA was removed from regression analysis in order to 
identify the predictive value of other sperm parameters (sperm concentration, 
morphology and motion characteristics), the percentage of progressive motility 
was the second best predictor of fertilization outcome (Oehninger et al., 1992). We 
speculated that the relationship between sperm morphology and IVF results 
depends upon an effect on zona binding. On the other hand, motility seems to 
affect the prediction of fertilization rate outside the prediction of the HZA. It 
would appear that although important in achieving binding, motility may be more 
important for cumulus penetration and ZP penetration, factors not directly evalu- 
ated in the HZA. Logistic regression analysis provided a robust HZI range predictive 
of the oocytes potential to be fertilized. This HZI cut-off value is approximately 
35%. Overall, for failed versus successful and poor versus good fertilization rate, 
the correct predictive ability (discriminative power) of the HZA was 80% and 
85%, respectively. The information gained may be extremely valuable for counsel- 
ing patients in the IVF setting (i.e., considering a HZI below 35% the chances of 
poor fertilization are 90—100%; whereas for the HZI over 35%, the chances of good 
fertilization are 80-85%) (Franken et al., 1993; Oehninger et al., 1992, 1997a, b). 

Overall, the HZA has demonstrated an excellent sensitivity and specificity with 
a low incidence of false positive results. For an HZI of 35%, the positive predictive 
value of the HZA is 79% and its negative predictive value is 100% (considering 
good versus poor fertilization rates). In the HZA, false positive results can be expected, 
since other functional steps follow the tight binding of sperm to the ZP and are 
essential for fertilization and pre-embryo development (Table 8.1). 


8.3.3 Acrosome reaction assays 


The acrosome reaction is a pre-requisite for fertilization in mammalian spermato- 
zoa (Yanagimachi, 1994). In the mouse, one of the species best characterized so far, 
acrosomal exocytosis is physiologically induced by components of the ZP, particu- 
larly the ZP3 (Bleil and Wassarman, 1980, 1983; Florman and Storey, 1982; Florman 
and Wassarman, 1985). Binding of ZP3 to putative complementary receptor(s) on 
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Table 8.1. Predictive value of the HZA for IVF outcome considering an HZI cut-off of 35% 
(data compiled from references of Franken et al., 1993; Oehninger et al., 1997a, 2000a). 
Predictive power was calculated for failed (0% of oocytes fertilized/inseminated) versus 
successful (> 1%) fertilization and also for good (>65%) versus poor (<65%) fertilization rate 


Failed versus successful Poor versus good 
fertilization in IVF (%) fertilization in IVF (%) 
Hemizona index 
Positive predictive value 82 79 
False positive rate 12 13 
False negative rate 6 0 
Negative predictive value 73 100 


the sperm surface activates transmembrane signals that trigger cellular cascades 
resulting in the acrosome reaction (Wassarman, 1990a, b, 1999). 

Several cellular pathways are involved in the stimulation of the acrosome reaction 
(Fig. 8.2). It has been demonstrated that activation of pertussis toxin-sensitive het- 
erotrimeric G proteins (G;-class) is necessary for the ZP-induced acrosome reaction 
in the murine model (Kopf et al., 1986; Kopf, 1990). G;-protein acts as a signal trans- 
ducing element downstream of ZP3-receptor interactions and couples receptor 
occupancy to changes in ionic conductance and/or a variety of intracellular second 
messenger cascade systems whose activation in turn results in release of acrosomal 
contents (Kopf, 1990). One of such elements is likely to be a pH regulator, result- 
ing in a transient alkanization of intracellular pH (Florman et al., 1989, 1998; Kopf, 
1990). Second messengers include the adenylate cyclase-cAMP system resulting in 
activation of protein kinase A (PKA) leading to phosphorylation of specific, puta- 
tive proteins resulting in exocytosis. Also, the activation of phospholipase C (PLC) 
may lead to 1,2-diacylglycerol (DAG) and inositol 1,4,5-trisphosphate (IP3) for- 
mation. Diacylglycerol may stimulate protein phosphorylation through protein 
kinase C (PKC) whereas IP3 may activate intracellular calcium release through 
modulation of IP3-sensitive intracellular calcium stores (Florman et al., 1998; 
Kopf, 1990; Wassarman, 1999). 

It has also been proposed that the ZP may alternatively activate a low voltage- 
activated T type calcium channel that is pertussis toxin-insensitive (Florman et al., 
1992, 1998; O’ Toole et al., 2000). Activation of pertussis toxin-sensitive and -insensitive 
mechanisms leads to significant and sustained changes in intracellular calcium lev- 
els, a prerequisite for the acrosome reaction (Florman et al., 1998; Kopf, 1990). 

Progesterone, present in high concentrations in the follicular fluid, is also a known 
stimulator of the acrosome reaction. It has been shown that progesterone exerts a 
priming effect on the ZP-stimulated acrosome reaction in the mouse (Roldan et al., 
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Figure8.2 Diagram of putative intracellular cascades leading to the acrosome reaction. The scheme is 


based on data compiled from the references (Baldi et al., 2000; Burks et al., 1995; Doherty 
et al., 1995; Florman et al., 1998; Kopf, 1990). Upon binding of ZP3 with its putative 
receptor, one (or all) of three main phosphorylation systems may be activated resulting in 
acrosomal exocytosis. These second messenger systems are: activation of a tyrosine 
kinase, G-protein-cAMP-protein kinase A, and phospholipase C-diacylglycerol-protein 
kinase C. In addition, increased intracellular calcium levels may result after mobilization 
from internal stores and following influx from activated membrane channels. An efflux of 
H*, which in turn determines a rise of intracellular pH, may also accompany this event 


1994) and in the human (Schuffner et al., 2002). In the former studies, treatment 
with progesterone followed by ZP led to maximal generation of DAG and maximal 
breakdown of phosphatidylinositol-4,5-bisphosphate (PIP) signaling a priming 
role for progesterone in the initiation of exocytosis. 

Relatively few studies have addressed the role of the physiologic, homologous 
inducer of the acrosome reaction, the ZP, in human spermatozoa. This is probably 
due to the difficulty in obtaining human material (oocytes) to perform such experi- 
ments. ZP can be obtained from oocytes recovered from ovarian tissue (post-surgical 
or post-mortem) or from IVF treatment following appropriate patients’ consent for 
donation. 
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Cross et al. (1988) were the first to report that treatment of human spermatozoa 
in suspension with acid-disaggregated human ZP (2—4 ZP/l) increased the inci- 
dence of acrosome reacted spermatozoa. Lee et al. (1992) demonstrated that pertus- 
sis toxin treatment of human spermatozoa inhibited the (solubilized) ZP-induced 
acrosome reaction. In contrast, acrosomal exocytosis induced by the calcium 
ionophore A-23187 was not inhibited by pertussis toxin pre-treatment. Studies by 
Franken et al. (1996) showed a dose-dependent effect of solubilized human ZP on 
the acrosome reaction in the range of 0.25—1 ZP/l and also confirmed the involve- 
ment of G;-protein during ZP-induced acrosome reaction of human spermatozoa. 

Capacitated human spermatozoa also respond to a progesterone stimulus in vitro 
by a rapid increase in intracellular free calcium due to promotion of calcium influx 
(Blackmore et al., 1990, 1991; Thomas and Meizel, 1989). Progesterone activates a 
calcium channel that has yet to be defined at the molecular level in the human 
(Blackmore and Eisoldt, 1999). Recent findings have revealed the molecular struc- 
ture of such ion channel in the murine species (Ren et al., 2001). The entire increase 
in intracellular calcium levels induced by progesterone is abolished when the extra- 
cellular calcium is removed by the addition of the calcium chelator glycol bis(2- 
aminoethyl ether)-N,N,N’N’-tetraacetic acid (EGTA) to the extracellular medium 
(Blackmore et al., 1990). There is evidence for both L- and T-type calcium channels 
in mouse and human spermatozoa (Arnoult et al., 1996; Benoff et al., 1994; 
Blackmore et al., 1990, 1991; Blackmore and Eisoldt, 1999; Florman et al., 1998). It 
has been proposed that progesterone reacts with a multi-receptor system on the 
sperm surface and that this system cooperates with that used by the ZP to control the 
physiological acrosome reaction (Fraser et al., 1997; Mendoza et al., 1995). In human 
spermatozoa, progesterone effects are not associated with G,-protein activation 
(Tesarik et al., 1993). 

The first signal transduction-second messenger pathway demonstrated to have a 
role in human sperm acrosome reaction involved the cAMP/PKA system (De Jonge 
etal., 1991a). Also, the PLC-PKC system was demonstrated to play a role in human 
sperm exocytosis (De Jonge et al., 1991b; Doherty et al., 1995). However, it is unclear 
which of such mechanisms is the most significant under physiologic conditions and 
how the various systems cross talk. 

Although transmission electron microscopy still represents the gold standard 
for the evaluation of acrosomal status, this method is expensive and laborious and 
cannot be therefore used routinely (Kohn et al., 1997; Zaneveld et al., 1991). Other 
well-established methods are currently being used to assess the acrosome reaction 
in the human. The most widely used method involves lectins (e.g., Pisum sativum 
agglutinin or PSA, and others) labeled with fluorescence (e.g., fluorescein isothio- 
cynate or FITC). The inducibility of the acrosome reaction following calcium 
ionophore challenge (ARIC) using PSA-FITC has been recommended as the presently 


205 


Sperm function and pregnancy 


available optimal way to assess this physiologic event under in vitro conditions to 
test human spermatozoa (Cummins et al., 1991; Fraser et al., 1997; Tesarik, 1985, 
1989; Kohn et al., 1997; Oehninger, 2000; Oehninger et al., 2000). 

Recently, Franken et al. (2000) reported on the validation of a new ‘micro assay’ 
using minimal volumes of solubilized, human ZP to test the physiological induction 
of the acrosome reaction in human spermatozoa (ZIAR or zona-induced acrosome 
reaction). In such studies, a dose-dependent effect of solubilized ZP on acrosomal 
exocytosis was observed reaching maximal induction using 0.25—2.5 ZP/l for both 
the micro assay and the standard (macro) assay. Furthermore, the inducibility of 
the acrosome reaction by a calcium ionophore was similar in both assays. 

It is imperative to evaluate technician proficiency and variability of results accord- 
ing to sperm samples in order to establish intra- and inter-assay/technician CVs for 
PSA-FITC staining during ZIAR testing. Intra-assay and technician variation should 
be determined by evaluating at least 100 cells on 5 different microscopic fields 
(total 500 cells) from the same semen specimen by each technician responsible for 
acrosome reaction testing. CVs for both intra-and inter-assay and intra-and inter- 
technician values must be calculated by dividing the mean with standard devia- 
tion X 100% for each observation. The inter-and intra-assay as well as inter-and 
intra-technician CV should be <15% among the different slides and technicians. 

Typically, we mix 20 wl of the zonae solution and 20 wl prepared sperm (5 X 10° 
motile sperm/ml) in a microplate (Greiner, Lab and Scientific Equipment, North 
Riding, Republic of South Africa). The mixture is then aspirated into a Hamilton 
Pipette Tip (R84254, Hamilton) using a 1.0ml sterile, non-pyrogenic latex free 
syringe (Becton Dickinson). The tip containing the sperm—zonae solution is incu- 
bated in a Falcon dish (Falcon 3003, Becton Dickinson) for 60 minutes at 37°C and 
5% CO). After the incubation period the spermatozoa are expelled onto the glass 
slide and coded ‘test’ sperm, while ‘control’ sperm are aspirated from the Dulbeccos 
phosphate-buffered saline (DPBS) resuspended sample described above. Pilot 
studies indicated that NaOH neutralized acid Tyrode’s solution had a similar effect 
on the percentage of acrosome reaction compared to that recorded with DPBS, 
namely 13.7 + 2% for neutralized acid Tyrode’s compared to 14.6 + 3%, for DPBS 
(P > 0.5). We therefore used DPBS to resuspend the control sperm in all ZIAR 
experiments. 

Slides are air dried and fixed in 100% ethanol for 24h. Previous experiments in 
our laboratory also indicated that prolonged exposure of sperm to ethanol during 
the fixation period increased the sensitivity of the PSA-FITC staining. This allowed 
us to record acrosome reactions mediated by lower ZP concentrations (0.3 ZP/l) 
generally reported in the literature, that is, 2 ZP/wl (Liu and Baker, 1996). Thereafter 
the spermatozoa are stained for 2 hours at room temperature with 30 ug/ml PSA 
labeled with fluorescein-isothiocyanate (FITC) (L-0770, Sigma Aldrich). Finally, 
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slides are washed in DPBS and mounted. A minimum of 100 spermatozoa are 
counted under a Nikon fluorescent microscope (Nikon Labophot 2), Filter Ex 
465-495 0 with 400X magnification. In general, the following staining patterns are 
diagnosed as acrosome reacted spermatozoa: (i) patchy staining on acrosomal region, 
(ii) distinct staining in the equatorial region occurring as an equatorial bar and 
(iii) no staining observed over entire sperm surface. Motile sperm fractions after 
swim-up separation are used and consequently, the progressive motility in all cases 
is typically >80%. Acrosome reaction data are presented as recorded for live sperm. 
Spermatozoa with patchy FITC-PSA staining are classified as a population of sperm 
showing initiation of the acrosome reaction and are classified as acrosome reacted. 
The zona-induced acrosome reaction is calculated as the difference between the 
zona-induced acrosomal exocytosis minus the spontaneous (unstimulated) acro- 
some reaction results. 


8.4 Clinical use of sperm function tests: directing treatment to a defined 
therapy and predictive value for IVF and pregnancy outcome 


Our results indicated that the interaction between spermatozoa and the ZP is a 
critical event leading to fertilization and reflects multiple sperm functions (i.e., 
completion of capacitation as manifested by the ability to bind to the ZP and to 
undergo ligand-induced acrosome reaction) (Oehninger et al., 1992, 1997a, 2000; 
Oehninger, 2000). As mentioned above, the two most common sperm—ZP binding 
tests currently utilized are the HZA (Burkman et al., 1988) and a competitive intact- 
zona binding assay (Liu et al., 1988). The high positive and negative predictive val- 
ues, but more importantly, the low false negative rate (i.e., robust power to identify 
patients at high risk for fertilization failure) underscore the predictive ability of 
these tests. 

The induced-acrosome reaction assays appear to be equally predictive of fertil- 
ization outcome and are simpler in their methodologies (Oehninger et al., 2000). 
Although the use of a calcium ionophore to induce acrosome reaction is at the 
present time the most widely used methodology (Cummins et al., 1991; Tesarik, 
1989), the assay uses non-physiological conditions that may not accurately repre- 
sent fertilization potential. The recent implementation of assays using small volumes 
of human solubilized zonae pellucidae (ZIAR) (Franken et al., 1996, 2000), biologi- 
cally active recombinant human ZP3 (Chapman and Barratt, 1996; Dong et al., 2001; 
van Duin et al., 1994) or active, synthetic ZP3 peptides (Hinsch et al., 1998) will prob- 
ably allow for the design of improved, physiologically oriented acrosome reaction 
assays. 

Franken et al. (2000) devised a new micro assay that is easy and rapid to perform, 
and facilitates the use of minimal volumes of solubilized ZP (even a single zona) 
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Interactive dot diagram of randomly selected IVF patients (n = 30) showing results of ZIAR 
and IVF rate. This prospective study was performed using a cut-off threshold of 50% of 
oocytes fertilized/inseminated. When ZIAR results were >8% (percentage of acrosome 
reacted sperm), the sensitivity and specificity of the test to predict fertilization success 
(>50% of oocytes) were 100% and 75%, respectively. For the group of patients with 
fertilization rate >50%, the ZIAR range was 9-23% acrosome reacted sperm (mean: 
13.5%, n = 22), whereas for the group of patients with fertilization rate <50% the ZIAR 
range was 4-13% (mean: 7.1, n = 8) 


for assessment of human acrosome reaction. The micro assay has been validated as 
compared to standard macro assays and consequently offers a unique arena to test 
for the physiological induction of acrosomal exocytosis by the homologous ZP. 
Moreover, initial clinical studies using the micro assay have demonstrated that the 
ZIAR can predict fertilization failure in the IVF setting (Fig. 8.3). The micro assay 
ZIAR can therefore refine the therapeutic approach for male infertility prior to the 
onset of therapy (Esterhuizen et al., 2001a, b). Bastiaan et al. (2002) prospectively 
evaluated the relationship between sperm morphology, acrosome responsiveness 
to solubilized ZP using the micro assay, sperm—zona binding potential (HZA) and 
IVF outcome. Receiver operator characteristics (ROC) curve analyses indicated 
ZIAR to be a robust indicator for fertilization failure during IVF therapy with a 
sensitivity of 81% and specificity of 75%. 

Liu et al. (2004) reported that sperm defects associated with low sperm—ZP bind- 
ing or impaired ZP-induced acrosome reaction and sperm—ZP penetration, are the 
major causes of failure of fertilization when all or most oocytes from a couple do 
not fertilize in standard IVE. These authors further demonstrated that there is a 
high frequency of defective sperm—ZP interaction in men with oligozoospermia 
(<20 X 10°/ml) and severe teratozoospermia (strict normal sperm morphology 
<5%). According to these authors, sperm morphology correlates with sperm—ZP 
binding, and sperm concentration correlates with ZP-induced acrosome reaction 
in infertile men with sperm concentrations >20 X 10°/ml. A defective ZP-induced 
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acrosome reaction may be the cause of infertility in up to 25% men with idiopathic 
infertility. These patients would therefore require ICSI despite the presence of an 
otherwise normal standard semen analyses (Liu and Baker, 1994, 2000, 2003, 2004; 
Liu et al., 2004). 

Before offering treatment to the infertile man, it is mandatory to examine the 
female counterpart. The simultaneous presence of female factors is frequently 
observed and such abnormalities may have an impact on the decision-making 
process. Pregnancy success varies among different therapies, but the presence of 
multi-factorial (male and female) infertility and/or a female age >35 years may 
direct the couple earlier to the more advanced and successful techniques (such as 
ICSI) rather than recommending less efficient (albeit less expensive) approaches. 

It is at this time that sperm function/biochemical tests may be of highest value 
in order to direct the couple to ART. Assisted reproduction can be indicated as a 
result of (a) failure of urological/medical treatments; (b) the diagnosis of ‘unex- 
plained’ infertility in the couple; (c) the presence of ‘basic’ sperm abnormalities 
of moderate-high degree or (d) abnormalities of sperm function as diagnosed by 
predictive bio-assays (such as the HZA or ZIAR). 

Currently recommended ART options include: ‘low complexity’ IUI therapy, 
‘standard’ IVF and embryo transfer, and IVF augmented with ICSI. If the female 
partner is <35 years, typically 4—6 cycles of IUIs using husband’s sperm are rec- 
ommended as a simple (low complexity) ART approach. 

Although there are no established sperm cut-off levels, it is preferable to per- 
form IUI if >5 million total motile spermatozoa can be used per insemination 
(particularly if sperm morphology is normal or only slightly abnormal). Pregnancy 
results for IUI in male infertility are higher with concomitant ovarian stimulation. 
Such regimens include use of clomiphene citrate, a combination of clomiphene and 
gonadotropins, or gonadotropins alone. Sperm preparation techniques involve a 
simple washing step (in a capacitating medium) or washing/separation of the motile 
fraction (typically using a gradient centrifugation method). The latter will result in 
a better selection of functional cells at the price of a decreased total number of 
spermatozoa (reviewed in Duran et al., 2002). 

Patients with oligo-astheno-teratozoospermia but with >1.5 million motile 
spermatozoa following swim-up or gradient centrifugation should be offered 
‘standard’ IVF therapy versus ICSI. Although in many of these cases, good fertiliza- 
tion and pregnancy rates are achieved with increased sperm insemination concen- 
tration, ICSI may frankly decrease the likelihood of fertilization failure. An abnormal 
sperm function test should direct therapy to ICSI. 

Typically patients are selected for ICSI under the following scenarios: (1) poor 
sperm parameters (i.e., <1.5 X 10° total spermatozoa with adequate progressive 
motility after separation, and/or severe teratozoospermia with <4% normal forms 
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in the presence of a borderline to low total motile fraction); (2) a poor sperm—ZP 
binding capacity with a HZA index <30%, and/or low ZIAR (Bastiaan et al., 
2002; Oehninger et al., 1997a, b); (3) failure of IUI therapy in cases presenting with 
abnormal sperm parameters including presence of anti-sperm antibodies; (4) pre- 
vious failed fertilization in IVF; and (5) presence of obstructive or non-obstructive 
azoospermia, where ICSI is combined with sperm extraction from the testes or the 
epididymis (Oehninger, 2000, 2001b; Oehninger et al., 2000; Oehninger and Gosden, 
2002). In the presence of severe oligo-astheno-teratozoospermia or if the outcome 
of sperm function testing indicates a significant impairment of fertilizing capacity, 
couples should be immediately directed to ICSI. This approach is probably more 
cost-effective and will avoid loss of valuable time, particularly in women >35 years 
(Monzó et al., 2001; Oehninger, 2001b). 


8.5 Conclusions 


The examination of the semen should be performed following a sequential multi- 
step diagnostic scheme including the analysis of the seminal plasma and basic sperm 
parameters followed by sperm function testing. There are a variety of fundamental 
sperm functions acquired after completion of capacitation that are essential for a 
successful sperm—oocyte interaction. The HZA and the ZIAR are validated and 
useful functional tests to predict the outcome of fertilization under in vitro condi- 
tions. CASA allows for the identification of sperm populations showing hyperacti- 
vation but the clinical value in the prediction of fertilization or pregnancy outcomes 
remains to be validated. 

Consequently, the HZA, ARIC and ZIAR tests should be added to the diagnostic 
armamentarium in the clinical arena to assess male fertility potential. Used as part 
of the sequential diagnostic scheme presented herein, these bioassays offer the cli- 
nician useful means to direct therapy in clinical assisted reproduction. 

Notwithstanding their confirmed value to predict fertilization potential in vitro, 
it is important to emphasize that more prospectively designed studies are needed 
to establish the value of these tests to predict pregnancy outcome in the IUI and 
natural reproduction settings. Moreover, all these assays demand skilful techni- 
cians and can be time-consuming. Owing to this, and due to the difficulties gener- 
ally encountered to obtain donated oocytes or ovarian specimens to perform the 
assays, only a few centers throughout the world have incorporated them in the 
extended semen evaluation. 

It is therefore estimated that new assays based on biotechnological advances, 
such as (i) the use of cloned and in vitro expressed ZP proteins used as recombinant 
vectors in solid or liquid phase assays, or (ii) the production of agonistic molecules 
and identification of complementary gamete receptors involved in the crucial 
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sperm functions, may soon be developed to provide simpler and more universally 
applicable diagnostic tools. 
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University of Heidelberg, Heidelberg, Germany 


9.1 Introduction 


From mouse and Drosophila knock out experiments it has been deduced that the 
products of more than 3000 genes are involved in the genetic control regulating the 
expression of male (and female) fertility (Cooke and Saunders, 2002, Hackstein et al., 
2000; Matzuk and Lamb, 2002). In human, the molecular identification of male fer- 
tility genes is hampered by the fact that human is not an experimental species. An 
infertile man is only recognised after the couple desiring for a child has asked for 
some therapeutic treatments in an infertility clinic. 

Genetic lesions causing male infertility can be roughly grouped in three classes: 
(I) Chromosomal aneuploidies and rearrangements where batteries of genes on 
specific chromosomes have increased or decreased their expression dosage or have 
changed their normal nuclear territorium; (II) submicroscopic deletions (i.e. the 
genomic AZF deletions) where deletions or rearrangements of multiple genes — 
mapped in a molecular neighbourhood — have lost or altered their normal expres- 
sion pattern and (III) single gene defects where the expression of a single gene is 
changed or lost causing then male infertility (e.g. the CFTR gene). This chapter offers 
a basic science perspective to the molecular genetic principles causing male infertil- 
ity in the three different genetic-abnormality groups. Thereby one aim is to point 
to the practical prerequisites which will be needed for their proper analysis in the 
infertility clinic reducing time and costs and increasing the patient’s success rate for 
conceiving a child without an inherited genetic abnormality. 


9.1.1 Chromosome abnormalities in infertile men 
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Aneuploidies or structural aberrations are found in about 14% of azoospermic 
men (i.e. infertile patients with no spermatozoa in their semen fluid) and 5% of 
oligozoospermic men (i.e. infertile patients with a severe reduction in the number 
of spermatozoa in their semen fluid) (Van Assche et al., 1996). Most chromosome 
abnormalities causing male infertility include one of the sex chromosomes, X and Y. 
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The karyotype 47XXY, associated with the Klinefelter syndrome, is the largest 
homogenous group. Since Klinefelter patients with the same karyotpye are not 
always azoospermic (Tournaye et al., 1996), and there are also reports of Klinefelters’ 
men who naturally fathered a child (Foss and Lewis, 1971), it can be concluded that 
the extra X-chromosome in the cell nuclei of these men has individually a variable 
genetic expression profile and that a variable number of X genes exist that are 
imprinted, that is, inactivated. It is not yet known why Klinefelter patients are infer- 
tile, and why in about 20% of cases a mosaic karyotype 46XY/47XXyY is observed. 

It has also been speculated that the reduction of postmeiotic germ cells, gener- 
ally observed in this patient group, is probably due to an interference of the pre- 
meiotic sex chromosomes’ pairing process where the second X chromosome would 
compete with the Y chromosome in the same nuclear territorium also known as 
“sex vesicle. Mouse animal models, however, suggest interference beginning in the 
male germ line already during foetal life (Mroz et al., 1999). This indicates that 
indeed the expression of homologous genes on the sex chromosomes (X and Y) 
with a putative function in male gonadogenesis and germ cell formation (Fig. 9.1) 
can contribute to the individual Klinefelter phenotypes, if they are overexpressed 
in men with the 47,XXY karyotype (triple dose of gene product). 

A second Klinefelter syndrome candidate group of X-genes are the seven 
X-chromosomal spermatogonia genes (FTHL17, USP26, TKTL1, TEX11, TAF2Q/ 
TAF7L, NXF2, TEX13A/B) isolated by Wang et al. (2001) and the male gonad genes 
encoding the androgen receptor (AR), the Double-dose Associated sex-reversal 
(DAX) gene, the Fragile X-Mental Retardation 1 (FMR-1) gene and the X-linked 
Helicase 2 (XH2) located only on the X chromosome (Fig. 9.1). Indeed Klinefelter 
patients with increasing numbers of X chromosomes in their karyotype (48,XXXY; 
49,XXXXY) shift their sexual phenotype to the female side. Penis development is 
reduced and cryptorchidism is found in most cases. 

In 143 patients analysed for mutations in the X-chromosome USP26 gene, the 
same variant sequence (370-37 linsACA; 494 T >C and 1423 C>T) causing three 
amino acid changes in the USP26 coding sequence was found in eight individuals 
(Stouffs et al., 2005). These were not found in the 152 control samples. Interestingly 
this triple USP26 sequence variant seemed to be associated with the occurrence 
of the Sertoli-cell-only (SCO) syndrome (8/111; 7.2%) and was not found in 
32 patients with maturation arrest (Stouffs et al., 2005). Since the homologous 
mouse gene Usp26 was shown to be expressed predominantly in spermatogonia 
(Wang et al., 2001), it can be speculated about an overexpression of this human 
X gene in the germ cells of men with Klinefelter karyotype which contribute to the 
testicular pathology of this patient group. The USP26 protein contains a conserved 
ubiquitin C-terminal hydrolase domain like the USP9Y gene in AZFa and its 
X homologue, USP9X (see below). These proteins are probably involved in the 
control of the stability of other germ cell proteins. 
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Schematic view on current map of functional X-Y homologous genes (black colour) and 
X-linked genes (grey colour) mapped to distinct chromosome G-bands which are known 
to be involved in male germ cell and gonad development (the X-chromosomal germ line 
genes: FTHL17, TKTL1, TEX1 1, TAF2Q/TAF7L, NXF2, TEX13A/B isolated by Wang et al. 
(2001) are not yet mapped to distinct G-bands). The putative X-chromosomal homologue 
of the male sex determining SRY gene, SOX3 (Foster and Graves, 1994) is circled like SRY. 
Boxes stained with different grey-tones in Yq11 mark the X-homologous Y genes mapped 
to the two AZF regions, AZFa and AZFb (see also Fig. 9.2). The map site of the E/FIAX 
gene is put in brackets because not yet confirmed. PAR1 and PAR2 at both tips of the 

X and Y chromosome mark the pseudoautosomal regions paired during male meiosis 


Other chromosomal abnormalities associated with male infertility are deletions 
and rearrangements of the euchromatic part of the long arm of the human 
Y-chromosome (Yq11) therefore also considered as AZF (AZoospermia Factor) 
deletions. This is based on the belief that the complete genomic Yq11 sequence is 
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functionally involved in the process of human spermatogenesis. Another hypoth- 
esis is that the Y chromosome is a genetic desert, escaping step by step from the male 
chromosome constitution. The Y gene for male sex determination SRY is consid- 
ered to be an exception on a generally desolate human Y-chromosome (Marshall 
Graves, 2000, 2002). 

Both assumptions were established with the identification of the first cytogenet- 
ically visible deletions of the long Y arm (Yq-) in men with oligozoospermia and 
azoospermia (Kjessler, 1965; Neu et al., 1973) and with the detection of an extremely 
variable length of the human Y-chromosome also in fertile men (Unnerus et al., 
1967). By fluorescent chromosome staining experiments with quinacrine it was 
recognised that most of the Y variability was caused by a polymorphic length of 
the distal heterochromatic part of its long arm (Yq12) although length variations of 
the non-fluorescent euchromatic Yq11 region were reported as well (Soudek et al., 
1973). Surprisingly, these chromosome variabilities are stable in family pedigrees 
and used to assign individuals to specific populations (for review see Vogt, 2005b). 

The mosaic karyotype 45X/46XY leads to mixed gonad dysgenesis and male 
infertility. Men with this karyotype are recognised in the clinic by a streak gonad on 
one side and a dysgenic gonad on the other side. Outer genitalia might be normal or 
presented with micropenis, hypospadia and small testis volumes. The occurrence of 
female phenotypes with the same karyotype points again to the delicate balance of 
developmental decision(s) towards the male or female sexual pathway in early 
embryogenesis. Although the karyotype usually displays a normal sized Y chromo- 
some in this patient group, it often lacks the fluorescent staining block after band- 
ing with quinacrine, which marks the Yq12 heterochromatin in the distal part of the 
Y long arm. The ‘non-fluorescent’ Y chromosome (Ynf) has been created after 
breakage in Yq11 with subsequent fusion of a second Y-chromosome also broken in 
Yq11, both forming the dicentric iso-Yp-chromosome (Daniel, 1985). Meiotic pair- 
ing of the Y to the X chromosome is inhibited because of self-pairing of the iso-Yp 
between its doubled short arms (Chandley et al., 1989). Men with azoospermia and 
the karyotype 45,X have an unbalanced karyotype because the distal part of the 
euchromatic long Y arm (Yq11) is lost. The other part of the Y chromosome includ- 
ing the SRY gene locus is translocated to an autosome (most frequently to the short 
arm of one of the acrocentric chromosomes 13, 14, 15, 21 or 22). 

The impact of balanced Y-A translocations on male fertility is variable because 
the same karyotypes were observed in fertile and sterile men sometimes even in the 
same pedigree (Fryns et al., 1985). In most familial cases, the distal heterochromatic 
part of the Y long arm (Yq12) is translocated to the short arm of an acrocentic chro- 
mosome and the Y chromosome is broken in Yq11. Since these Y-chromosomal 
abnormalities were all associated with male infertility a chromosomally based Y 
fertility factor was proposed (Vogt et al., 1995) which might be functionally linked 
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to the AZF mapped in distal Yq11 (Tiepolo and Zuffardi, 1976). That means an 
“AZF chromatin code” functional involved in the X-Y pairing process during male 
meiosis and located in Yq11 should be part of the Y chromosomal spermatogenesis 
function. Indeed a functionally active chromatin domain in Yq11 was indicated in 
nuclei spreading experiments where the Y chromosome was shown to decondense in 
the nuclei of spermatogonia before pairing with the X chromosome to form the 
condensed X-Y chromatin structure (‘sex vesicle’) in the spermatocyte nuclei 
(Speed et al., 1993). 

Chromosomal aneuploidies and translocations between autosomes (Robertsonian 
and reciprocal) were found less frequently than sex chromosomal abnormalities in 
infertile men. In particular pericentric inversions in chromosome 1, 3, 5, 6, 10 seem to 
interfere with meiosis leading to a reduced rate of postmeiotic sperm numbers or 
even azoospermia. In 60% of cases with Robertsonian translocations the two acro- 
centric chromosomes, 13 and 14, were involved (Vogt, 1997). Autosome aneuploidies 
like trisomies of chromosome 21 (Downs syndrome), have individual effects on male 
fertility. For more details of structural chromosome abnormalities associated with 
male infertility see also the following chapter of P. Turek. 


9.1.2 Genomic AZF gene deletions in infertile men 


Sequence analysis of the male specific region of the human Y chromosome (MSY) 
has subdivided this Y sequence in three different classes: Y-specific, X-degenerate, 
X-homologous (Skaletsky et al., 2003). The Y-specific repetitive block structures 
(also called ‘amplicon structures’) in Yq11 can now easily explain the high frequency 
of the intrachromosomal AZFa, AZFb and AZFc deletions mapped in this Y region 
by molecular deletion mapping (Fig. 9.2A, Color plate 8). Most interesting, the 
amplicons were structurally assembled in eight different long structures with oppo- 
site polarities called ‘palindrome arms’ (P1—P8), with the largest palindrome (P1: 
2.9 Mb) in distal AZFc (Fig. 9.2B, Color plate 8). The other palindromes, P2—P8, were 
mapped, from distal to proximal (towards the Y centromere) in distal AZFb (P2: 
246 kb; P3: 736 kb), in proximal AZFb (P4: 419 kb; P5: 996 kb) and between the AZFa 
and AZFb deletion intervals (P6: 266 kb; P7: 30 kb; P8: 75 kb) respectively. These eight 
palindromes are highly symmetrical and comprise ~25% of the complete Y-specific 
sequence class, that is 5.7 Mb of the genomic Yq11 sequence. Sequence analyses of the 
homologous amplicons mapped in the different palindrome arms revealed extensive 
homologies between 99.94 and 99.997% along the complete amplicon sequence 
(Kuroda-Kawaguchi et al., 2001; Skaletsky et al., 2003). They contain nine families of 
Y-specific protein coding genes all found to be expressed specifically in testis (Table 
9.1A). Their functional integrity is probably maintained by frequent gene conversion 
events between the homologous palindrome arms (Rozen et al., 2003). Y-sequence 
analysis has now also confirmed that the distal part of the AZFb deletion interval and 
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226 Peter H. Vogt 
Table 9.1B. Human Y-genes in AZFb and AZFc with and without putative protein coding potential! 
Gene Protein Tissue RNA Copiesin Yqll X chromosome 
symbol Gene name homologue to expression Yp interval interval homologue 
CYorfl5A Chromosome Y open Unknown Multiple No AZFb Yes; cXorf 15 
reading frame 15A 
CYorf15B Chromosome Y open Unknown Multiple No AZFb Yes; cXorf 15 
reading frame 15B 
TTY1 Testis Transcript Yl No-protein Only testis Proximal No No 
encode RNA Ypll 
TTY2 Testis Transcript Y2  _No-protein Only testis Proximal = AZFb No 
encode RNA Ypll 
TTY3 Testis Transcript Y3  No-protein Only testis No AZFc No 
encode RNA 
TTY4 Testis Transcript Y4  No-protein Only testis No AZFc No 
encode RNA 
TTY5 Testis Transcipt Y5 No-protein Only testis No AZFb No 
encode RNA 
TTY6 Testis Transcript Y6 No-protein Only testis No AZFb No 
encode RNA 
TTY9 Testis Transcript Y9 — No-protein Only testis No AZFb No 
encode RNA 
TTY10 Testis Transcript Y10 No-protein Only testis No AZFb No 
encode RNA 
TTY12 Testis Transcript Y12 No-protein Only testis No AZFb No 
encode RNA 
TTY13 Testis Transcript Y13 No-protein Only testis No AZFb No 
encode RNA 
TTY14 Testis Transcript Y14 No-protein Only testis No AZFb No 
encode RNA 
TTYI5 Testis Transcript Y15 No-protein Testis, brain No AZFa No 
AZFaTI? encode RNA 
Phex152? 
TTY17 Testis Transcript Y17 No-protein Only testis No AZFc No 
encode RNA 
TTY16 Testis Transcript Y16 | No-protein Only testis No AZFb No 
encode RNA 


‘According to Vogt (2005a) with permission from Reproductive Healthcare Ltd. Although Skaletzky et al. 


(2003) described 23 TTY genes (TTY1-TTY23) only the 14 listed here are mapped on the Y sequence. 
? Sargent et al. (1999) in: J Med Genet 36: 670-677. 
3 Ditton, Hirschmann, Vogt (1999) unpublished results. 
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the proximal part of the AZFc deletion interval are largely overlapping. This was first 
deduced from an extensive YAC (Yeast Artificial Chromosomes) analysis in distal Yq11 
also indicating the duplication of the gene content of the proximal AZFc region 
(Kirsch et al., 1996). 

The genomic DNA of each AZF deletion interval contains multiple genetic elem- 
ents which are probably part of the AZF locus, that is, are functioning for spermato- 
genesis or male fertility. Extensive testes cDNA screening programs (Lahn and Page 
1997; Vogt et al., 1997), and the structural analysis of the GenBank AZF sequences 
(AZFa and AZFb in contig: NT_011875; AZFc in contig: NT_011903) by predictive 
gene analyses programs have now identified the putative complete gene content of 
each AZF microdeletion. 31 Y genes expressed in human testis and located in one 
of the AZF deletion intervals are registered. They are subdivided in Table 9.1 in a list 
of genes with a recognizable function because of one or more conserved functional 
peptide domains (Table 9.1A) and in a list of genes with non-identified function 
because similar sequences have not yet been found in the data base (Table 9.1B). 

The functional AZFa locus contains the X-Y homologous genes: USP9Y and DBY, 
and might include the UTY gene mapped closely to the distal AZFa deletion HERV 
border line because the same gene triplet has been found structurally conserved on the 
mouse and cat Y chromosomes (Murphy et al., 1999). AZFb which overlaps with the 
proximal part of AZFc contains 23 putative functional Y genes (Repping et al., 2002): 
16 Y genes were mapped in the unique AZFb interval: CDY2, CYorfl4, CYorf15A/B, 
EIF1AY, HSFY, PRY, RBMY1, RPS4Y2, SMCY, TTY5, TTY6, TTY9, TTY10, TTY13, 
TTY14, XKRY (Table 9.1A, B). Three AZFb genes (CDY2, RPS4Y2, XKRY) have more 
copies also proximal to AZFb and the seven AZFb genes that are located in the AZFb- 
AZFc overlapping interval (BPY2. 1, CDY1.1, DAZ1, DAZ2, TTY3.1, TTY4.1, TTY17.1) 
have more copies distal to AZFb in the unique part of the AZFc deletion interval (Fig. 
9.2C). Thus most AZFc gene families have a copy in the AZFb deletion interval (BPY2, 
CDY1, DAZ, TTY3, TTY4, TTY17) and only the CSPG4LY and GOLGAZLY gene fam- 
ilies are located in the unique part of AZFc. This might explain the more severe testicu- 
lar pathology associated with complete AZFb deletions when compared with the 
testicular pathology of men with only a pure AZFc deletion. AZFb deletions include 
deletion of 13 Y genes completely and of 10 Y genes partially because more copies are 
located proximal and distal to the AZFb deletion interval (Fig. 9.2C), whereas 
complete AZFc deletions include only the deletion of 8 Y gene families. 

Interestingly, all AZFa genes and many AZFb genes have an X-chromosomal 
counterpart (Fig. 9.1), and some of them are conserved on the mouse Y chromo- 
some (Dby, Smcy, Rbm, Uty, Usp9y). However, to date their function in mouse 
spermatogenesis looks different from that in human spermatogenesis. Deletion of 
most mouse Rbm genes does not cause male infertility but only some sperm dys- 
morphology (Mahadevaiah et al., 1998). In human, RBM genes are expressed during 


228 


Peter H. Vogt 


meiosis and their deletion causes meiotic arrest (Elliot et al., 1997). In mouse, 
Usp9y is expressed in brain and testis tissue (Xu et al., 2002), whereas the human 
homologue USP9Y is expressed in all tissues analysed (Lahn and Page, 1997). In 
mouse, the Dby gene seems not to be required for the premeiotic spermatogenesis 
phase whereas in human, DBY proteins were found predominantly in spermato- 
gonia (Ditton et al., 2004). In mice, expression of the Eif2y gene restores the prolif- 
eration phase of spermatogonia suggesting that this gene is the functional gene of 
the genetically AZFa-related mouse Spy locus (Mazeyrat et al., 2001). In human, 
there is no homologous EIF2Y gene on the Y chromosome. 

The distinct spermatogenesis functions of the DBY gene and its mouse homo- 
logues can be probably explained by the presence of a functional autosomal retro- 
gene (PL10, D1Pas1) which maps on mouse chromosome 1 and which displays a 
testis-specific transcription profile (Leroy et al., 1989; Session et al., 2001). The cre- 
ation of intron-less retrogenes originating from their progenitor genes by retropo- 
sition of their transcripts in the genome seem to be a common mechanism for 
male germ line genes when they are located on the sex chromosomes and have a 
function at meiosis (Wang, 2004). Accordingly, D1Pas1 protein is expressed pre- 
dominantly in the nuclei of germ cells undergoing meiosis (Session et al., 2001) 
whereas transcription of the mouse Dby and its X homologue (Dbx) is repressed 
because of the Meiotic Sex Chromosomes’ Inactivation (MSCI) and formation of 
the sex vesicle (Fernandez-Capetillo et al., 2003). In mouse, D1Pas1 might there- 
fore have complemented or even taken over the spermatogenic Dby gene function. 
A similar functional DBY retrogene has not been found in the human genome 
(Kim et al., 2001) and may be not necessary, since the DBY function seems to be 
restricted to the premeiotic germ cell phase and its X homologue (DBX), is 
expressed predominantly in spermatids (Ditton et al., 2004). 

In the AZFb interval a testis-specific function before after or at meiosis has been 
described for the HSFY, PRY, and RBMY genes. The HSFY (Heat-Shock Factor Y) 
gene contains seven exons spanning 42 kb of the genomic DNA in proximal AZFb 
(Tessari et al., 2004). This gene structure is duplicated in the P4 palindrome (Fig. 9.2) 
and three transcripts are generated by alternative splicing processes of which two 
(HSFYT-2; HSFYT-3) were testis-specific (Tessari et al., 2004). Besides testis, only 
HSFYT-1 transcripts are expressed in brain, kidney and pancreas tissue, contain the 
DNA-binding domain typical for other heat-shock proteins, and are related to the 
same domain of the autosomal HSF2 gene (Repping et al., 2002). The HSF2 gene 
was however found to be not functional in the male germ line (McMillan et al., 
2002). Interestingly, another group claimed that the functional HSFY DNA-binding 
peptide sequence is most conserved to that of the LW-1 heat-shock gene and that 
HSFY has not its evolutionary origin from chromosome 22 but from LW-1 located 
in Xq28 of the X chromosome (Shinka et al., 2004). A polyclonal antiserum raised 
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against an HSFY-peptide from the conserved DNA-binding sequence was shown to 
mark a number of different germ cells and the Sertoli cells, suggesting the presence 
of the HSFY protein at multiple phases of human spermatogenesis. HSFY gene dele- 
tions, as found in all patients with a complete AZFb deletion, should therefore cause 
disruption of spermatogenesis at different phases depending on the patients’ indi- 
vidual genotypes. This, however, has not been found, complete AZFb deletions usu- 
ally display a meiotic arrest (Krausz et al., 2003; Vogt, 2005a). However, partial AZFb 
deletions, that is not including the PRY and RBMY genes showed variable testicular 
pathologies, including hypospermatogenesis in four infertile men from Italy (Ferlin 
et al., 2003). This would suggest that the HSFY gene is indeed functionally expressed 
in the male germ line but that the PRY and/or RBMY genes, if disrupted, are the 
major AZFb genes causing meiotic arrest. 

The PRY gene family in AZFb consists of two full-length copies (PRY1 and PRY2) 
with five exons. Additional pseudogene copies with deletion of the first two exons 
were mapped in AZFc and between AZFa and AZFb, a repeat structure of only exons 
1 and 2 were found on the short and long Y arm (Stouffs et al., 2001). That means 
functional PRY gene copies are only located in the AZFb region (Fig. 9.2C). PRY 
encodes a protein phosphatase probably involved in the apoptotic degradation of 
non-functional spermatozoa (Stouffs et al., 2004). In men with normal spermatogen- 
esis the PRY protein was found in some spermatids and spermatozoa but the fraction 
of PRY positively-staining spermatozoa increased from 1.5% to 51.2% in sperm sam- 
ples with increased apoptotic DNA degradation as visualised using the TUNEL assay. 
PRY protein was not detected in premeiotic germ cells. Its contribution to the testicu- 
lar pathology of men with AZFb deletion (meiotic arrest) is therefore questionable. 

The RBMY gene is homologous to RBMX on the X chromosome (Fig. 9.1) and to a 
functional retrogene HNRNP G-T on chromosome 11 (11p15) that is predominantly 
expressed in pachytene spermatocytes (Elliott et al., 2000). A spermatogenic function 
of HNRNP G-T proteins has been recently illustrated by the identification of two 
‘de novo’ exon mutations causing loss of a conserved arginine (R100H) and deletion 
of a C-terminal glycine (G388del), respectively, in some men with severe impairment 
of spermatogenesis (Westerveld et al., 2004). Expression of the RBMY protein has 
been shown in the nuclei of both type A and B spermatogonia, spermatocytes and 
round spermatids. This suggests a role of this AZFb gene in the nuclear metabolism of 
newly synthesised RNAs in the germ cell at different phases (Elliot et al., 1997). 

The structural and functional organisation of the RBMY/RBMX/HNRNP-G-T 
genes in human is reminiscent of that of the Dby/Dbx/D1Pas1 genes in the mouse 
genome (see above); different members of the RBMY gene family have obviously 
subdivided their germ line function to different spermatogenic phases, as was also 
found for the DBY and DBX genes (Ditton et al., 2004) and the DAZ gene family 
(Xu et al., 2002). This would then also explain why the lack of RBMY proteins of 
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men with AZFb deletions cannot become compensated in spermatogenesis by the 
presence of RBMX and/or HNRNP G-T proteins. 

In summary, it can be assumed that the spermatogenic functions of the human 
AZFa and AZFb genes and their homologous counterparts on the mouse Y chromo- 
somes are probably divergent because of a species-specific adaptation of their differ- 
ent germ line expression profiles, similarly, as found earlier for a number of autosomal 
genes functioning in the genetic network controlling male fertility (Wyckoff et al., 
2000). 

Recently, some peptides encoded from AZFa and AZFb genes (USP9Y, DBY, UTY, 
and SMCY) were identified as putative male specific minor histocompatibility anti- 
gens (H-Y antigens) recognised from gene products encoded in different classes of the 
large Major Histocompatibility Locus (MHC) on the short arm of chromosome 6 
(3.6 Mb in 6p21.3) (MHC sequencing consortium, 1999): the HLA-A1 class (USP9Y) 
(Vogt et al., 2000a), the HLA-DQ5 class (DBY) (Vogt et al., 2002), the HLA-B8 and 
-B60 class (UTY; Vogt et al., 2000b; Warren et al., 2000) and the HLA-B7 and -A2 class 
(SMCY) (Meadows et al., 1997; Wang et al., 1995). Indeed, the influence of some H-Y 
antigens on human (and mouse) testicular organisation and spermatogenesis has 
long been predicted (Ohno et al., 1979) and molecular deletion mapping has localised 
an H-Y antigen locus on the human Y-chromosome in the proximal part of the long 
Y arm (O'Reilly et al., 1992) overlapping with the AZFa and AZFb intervals. The only 
receptor for H-Y antigens was identified in the membranes of Sertoli cells (Ohno 
et al., 1979) and their expression occurred in early embryogenesis (Goldberg, 1988). 
Y-chromosomal H-Y antigens might therefore be considered as early male-specific 
cell markers probably contributing as positive signals for the first steps of male sexual 
and germ line development during early embryogenesis. 

The AZFc locus can be considered as an evolutionarily very young spermatogen- 
esis locus because no AZFc gene family has been found on the mouse Y-chromosome. 
The BPY2 gene family might have evolved only recently during primate evolution. It 
contains three gene copies (BPY2. 1-3), which were mapped with an identical exon 
structure (nine exons spanning ~25kb) to the green amplicons (Fig. 9.2C). BPY2 
encodes a basic protein of 13.9 kDa, is transcriptional active in spermatids and sper- 
matozoa, and the protein probably involved in the cytoskeletal network of micro- 
tubules formed during the postmeiotic elongation phase of the male germ cell 
(Wong et al., 2003). The DAZ gene family has been transposed from chromosome 3 
(3p25; DAZL1 locus) on to the Y chromosome after divergence of the Old world 
monkey line of primates, that is not before ~35 million years ago (Seboun et al., 
1997; Shan et al., 1996). The two gene copies in proximal AZFc (DAZ1/DAZ2) form 
the P2 palindrome, whereas the two other gene copies (DAZ3/DAZ4) are located 
1.47 Mb more distal in the center of the large P1 palindrome in distal AZFc 
(Fig. 9.2B, C). In contrast to BPY2, and also CDY gene family (see below), the exon 
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structures of the DAZ gene copies are rather variable especially in the number of the 
exon 7 variants also called ‘DAZ-repeat’ (Fernandes et al., 2002; Saxena et al., 2000). 

Most likely, the DAZ gene family evolved and became established on the 
Y chromosome following a duplication—diversification process similar to that pro- 
posed by Hughes (1994). It would suggest that the DAZ genes are extending or 
improving the functional profile of their autosomal homologues, DAZL1 on chro- 
mosome 3 and BOULE on chromosome 2 (Xu et al., 2001). 

Classical theories predict that the evolutionary route towards functional diver- 
gence of two given gene copies starts first with a functional redundancy of the 
duplicated genes that still serve identical functions. However, this state is transient 
because it is usually not selected for over long evolutionary times. Functional 
divergence will occur by further exon mutations leading to the novel function of 
one or both duplicates (neo-functionalisation) or to a division of the ancestral 
function among the duplicated paralogs (sub-functionalisation). The last is also 
known as the “‘Duplication—Degeneration—Complementatior (DDC) hypothesis 
(Force et al., 1999). 

Unfortunately, it is not yet possible to distinguish the spermatogenic function of 
the DAZ genes on the Y chromosomes from that of the autosomal DAZL1 gene. While 
some authors assert an essential function of the DAZ genes in multiple cellular com- 
partments at multiple phases of male germ cell development (Reijo et al., 2000) oth- 
ers have found a restriction of DAZ gene products to the postmeiotic germ cell phase 
with transcripts only in early spermatids and protein in late spermatids and sperma- 
tozoa (Habermann et al., 1998). Some of these discordant findings can probably be 
explained by the use of different polyclonal DAZ-antisera and others by the use of 
gene probes not able to distinguish between transcripts or proteins of the DAZ or its 
autosomal ancestors, BOULE and DAZL1. In any case, one can assume that the com- 
plete DAZ gene family, that is including BOULE and DAZL1, is functionally essential 
for human spermatogenesis, encoding different testis specific RNA-binding proteins 
probably involved in the translational control of transcripts of other germ line genes 
(Yen, 2004). These downstream-genes might be expressed as early as during foetal 
germ cell development like Pumilio-2 (PUM2) which proteins are functionally inter- 
acting with DAZ-like proteins (Moore et al., 2003), or at meiosis where the translation 
of CDC25 transcripts is probably controlled by BOULE protein (Luetjens et al., 2004), 
or in late spermatids where DAZL1 and DAZ proteins, both immunohistochemically 
identified, although with different antisera (Habermann et al., 1998; Reijo et al., 
2000), are functionally interacting with the DAZAP1 protein (Vera et al., 2002). 

The CDY gene family in AZFb and AZFc originates from a polyadenylated mRNA 
of the CDYL locus on chromosome 6 that has been then retrotransposed to the 
Y chromosome (Lahn and Page, 1999). In contrast to its autosomal homologue 
expressed in all tissues analysed, the CDY gene is expressed only in testis tissue. 
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Interestingly, the CDY1 gene copies in AZFc have evolved into a two exon gene struc- 
ture forming four alternatively spliced transcripts encoding three different protein 
isoforms (Fig. 9.3). Since only the major CDYI1 transcript is identical in sequence to 
the CDY2 transcript, the CDY1 gene is considered to be a different paralog of the 
autosomal CDYL gene. All CDY isoforms are nuclear proteins with an N-terminal 
Chromo-domain probably involved in chromatin binding and a C-terminal domain 
that catalyses histone-acetylation reactions. Accordingly, CDY proteins were recently 
identified as histone acetyltransferases with a strong preference for histone H4 and 
localised in the nuclei of maturing spermatids (Lahn et al., 2002). Histone hyper- 
acetylation in late spermatids results in a more open chromatin structure that facili- 
tates not only the spermatogenic histone replacement but also provides easier access 
of transcriptional regulatory proteins to the postmeiotic sperm DNA. Interestingly, 
the CDY autosomal homologue, CDYL, does not encode a testis-specific RNA popu- 
lation, as found with the mouse homologue (Cdyl), but expresses its housekeeping 
transcripts retained during primate evolution. This suggests selection for functional 
diversification of the autosomal and Y gene copies during primate evolution, similarly 
as discussed for the DAZ gene family above. Interestingly, although the CDYL gene 
encodes a histone acetyltransferases its protein sequence is only 63% homologous to 


(A) CDY1 gene has evolved novel two-exon structure 


Se 5’ 


(B) Alternative spliced CDY7 transcripts with different poly A sites 


CDY1 major-a 1947 nt 1947 


5! AAAAAAAAA 
eels ae AAAAAAAAA 

, CDYI minor 2363 nt 1918 

5 sss 5 g AAAAAAAAA 
, CDYI minor-short 2163 nt 1718 ñ 

5 . up AAAAAAAAA 


Schematic view of CDY1 locus in AZFc. The transcription of this CDY gene copy in human 
testis produces at least four alternative spliced mRNAs published with the following GenBank 
accession numbers: CDY7 major-a (AF080597), CDY7 major-b (BC033041), CDY7 minor 
(NM004680) and CDY7 minor-short. The last variant was identified by Kleiman et al. (2001) 
and is not deposited in the GenBank. Both minor variants spliced out an intron sequence 
from the CDY1 exon at two different 5' splicing sites but with identical 3'splicing sites. This 
results in an alternative two-exon structure of the CDY7 gene with an variable 5’ intron part 
(A) and the translation of 3 protein isoforms. The extensions of their coding frames are given 
in numbers of nucleotides without the poly(A) tail (B). This figure is presented also in Vogt 
(2005a) and used here with permission from the editor: Reproductive Healthcare Ltd 
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that of the CDY protein (Lahn et al., 2002). This suggests that the Y gene copies in 
human have been evolutionarily adapted for a specific spermatogenic function (neo- 
functionalisation) and that both genes probably diverged before primate evolution. 
In this context it is interesting to note that a second autosomal CDYL gene, isolated 
in mouse and human (CDYL2; Cdyl2), both with a similar exon structure as the 
CDYL/Cdyl gene pair, were also divergent from each other in their amino acid 
sequences like found for the CDYL and CDY genes (Dorus et al., 2003). The CDY- 
related gene family offers thus another informative example of how duplicated genes 
can evolve towards divergent functionality with a tendency to transfer genes with a 
spermatogenic function to the Y chromosome. 

A functional difference between genes mapped in proximal and distal AZFc, 
respectively, might be indicated by the work of Fernandes et al. (2002), who found 
deletions of the DAZ1/DAZ2 gene doublet only in some men with severe oligo- 
zoospermia, but DAZ3 and DAZ4 deletions also in men with normal fertility. 

However, recently it has been indicated that the AZFc gene content now pub- 
lished for the GenBank Y sequence and deposited in different databases (GenBank: 
http://www.ncbi.gov; ENSEMBL: http://www.ensembl.org/Homo_sapiens/mapview? 
chr=Y) can be variable and is probably different in distinct Y-chromosomal hap- 
logroup (Jobling and Tyler-Smith, 2003; Vogt 2005b). The male-specific region (MSY) 
of the Y sequence published by Skaletsky et al. (2003) belongs to a Y-chromosome of 
Y-haplogroup R* (Fernandes et al., 2004; Vogt 2005b). Different copy numbers of the 
AZFb/c multi-copy genes were already found in the four main Y-branches D2b, 
F(xH,K), I and N (Fernandes et al., 2004; Machev et al., 2004; Repping et al., 2003, 
2004). Consequently, it might be possible that the number of amplicons and palin- 
dromes in the structure of the AZFb and AZFc regions as shown in Figure 9.2 is only 
associated with the Y-chromosomes of branch R*. This raises the question which Y 
genes in the polymorphic AZFb/c subintervals are really essential for spermatogenesis, 
that means which gene deletion is really a causative agent for the man’s clinically 
observed testicular pathology and which gene deletion is neutral (polymorphic) 
because the gene is only balancing and shaping the reproductive fitness factor(s) of the 
male in the different human populations (see also Quintana-Murci et al., 2001; Vogt, 
2005b). Consequently, the R*-Y sequence now readable in the GenBank may reflect 
a genetic redundancy of AZFc gene copies, or also lack sequence regions which are 
present on the Y-chromosome from another Y lineage. 

In summary, due to the generally high dynamic palindromic sequence structure in 
the ampliconic AZFb and AZFc sequence regions and the presence of similar albeit 
smaller repetitive sequence blocks along the whole sequence in Yq11 (Skaletsky et al., 
2003) multiple genomic rearrangements causing partial deletions in the ‘complete’! 


1 Complete or ‘classical’ AZF deletions are those defined with their molecular extensions by Kamp et al. 
(2001); Kuroda-Kawaguchi et al. (2001), Repping et al. (2002); see also (Fig. 9.2). 
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AZF sequence regions are expected to occur frequently in the different lineages of the 
human Y-chromosome currently present in the global population of over three bil- 
lion men. Methods that compare the age of the Y-lineage with a distinct variant of the 
R*-AZFb and -AZFc amplicon structure would then help to determine whether the 
structure identified is compatible with neutrality, that is fertility, or associated with 
some spermatogenic failure and whether the preference of multi-copy genes espe- 
cially in the AZFb/c amplicon structures reflects some genetic redundancy or some 
functional constraints from the germ line, like for example creating a counterbalance 
for the unstable AZFb/c amplicon structures to reduce the risk of male infertility. 


9.1.3 Single gene defects in infertile men 


Besides the AZF genes in Yq11, it has been predicted from mouse knock-out models 
that numerous autosomal and X-chromosomal genes also expressed in the human 
male (and female) germ line can cause infertility (Cooke and Saunders, 2002; Matzuk 
and Lamb, 2002). However, although most of their human homologues are known, it 
is often unclear whether and how these genes are also functional in the human male 
germ line. Only the genes functioning for meiosis seem to be functionally conserved 
in the eukaryotic kingdom, whereas a rapid evolution of just reproductive proteins 
has been reported (Swanson and Vacquier, 2002; Wyckoff et al., 2000). Indeed, when 
2820 functionally equivalent rodent and human gene sequences were compared, 
many genes functional in the male germ line were found among the 10% most diver- 
gent sequences (Makalowski and Boguski, 1998). Functional human male fertility 
genes might therefore be revealed only by extensive mutation analyses of human 
genes known to be expressed in testis tissues. 

The number of non-Y-chromosomal human single gene defects known to impair 
spermatogenesis is still small (Table 9.2). Most of them are also involved in the 
genetic control of male gonad development or some somatic development indicating 
a functional linkage with the germ line. Clinically, the best known are the cystic 
fibrosis (CF) locus located on the long arm of chromosome 7 (7q31.2), because CF 
mutations were abundantly found in patients with a congenital bilateral aplasia of 
the vas deferens (CBAVD), that is with obstructive azoospermia (Oates and Amos, 
1994). Less frequent are mutations in the androgen receptor (AR) gene which causes 
different pathologies, summarised under the phrase: Androgen Insensitivity 
Syndromes (AIS: Testicular feminisation, Reifenstein, Infertile male syndrome) and 
mutations in the genes for the Follicle-Steroid- or Luteinising hormone receptors 
(FSHR/LHR) causing the Idiopathic Hypo- and hyper-gonadotropic Hypogonadism 
(IHH) syndrome and the KAL-1 gene causing Kallmann syndrome (Table 9.2). Less 
known in the clinic are mutations in the INSL3 and LGR8-GREAT genes that cause 
cryptorchidism and the (CAG)-variants of the mitochondrial DNA polymerase 
(POLG) locus proposed to be associated with male infertility (Rovio et al., 2001). 
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Table 9.2. Clinical syndromes with possible impairment of male infertility! 


OMIM reference-number 


Chromosomal 
Syndrome position Gene-locus Disease Gene 
Androgen Insensitivity syndromes Xq11-12 AR 300068 313700 
(AIS: CAIS; PAIS; MAIS) 
AZoospermia Factor (Y-linked) Yq11 Multiple 415000 14 protein 
AZF genes genes” 
Bardett—Bied|-syndrome (BBS2) 16q21 BBS2 209900 606151 
Cystic Fibrosis (CF) 7q31.2 CFTR 219700 602421 
Congenital bilateral aplasia of the 277180 602421 
vas deferens (CBAVD) 
Cryptorchidism 19p13.2 INSL3 219050 146738 
LGR8-GREAT 606655 
Dystrophia Myotonica (DM-1) 19q13.2-q13.3 DMPK 160900 605377 
Fragile-X (FRAXA) Xq27.3 FMR-1 309550 309550 
Globozoospermia 6q21 CAL/GOPC 102530 606845 
6p13.3-2 CSNK2A2 115442 
Gorlin-syndrome (PPS) 1q32 Not known 119500 Not known 
Kallmann 1 (X-linked) Anosomia Xp22.3 KAL-1 308700 308700 
Kallmann 2 (dominant) 8p11-12 FGFR1 147950 136350 
Kallmann 3 (recessive) Not known Not known 244200 Not known 
Kartagener-Syndrome 5p15-p14 DNAH5 244400 603335 
7p21 DNAH11 603339 
9p21-p13 DNAH1 604366 
McKusick-Kaufman (MKKS) 20p12 MKKS 236700 604896 
Mitochondrial DNA breakage 15q25 POLG 157640 174763 
syndrome 
Noonan-syndrome (NS1) 12q24.1 PTPN11 163950 176876 
Prader—Willi-syndrome (PWS) 15q11-13 SNRPN 176270 182279 
Necidin 176270 602117 
Rothmund-Thomson-syndrome (RTS) 8q24.3 RECQL4 268400 603780 
Stein—Leventhal-syndrome (PCO) 15q23—24 CYPIIA 184700 118485 
Werner-syndrome (WRN) 8p12-p11.2 RECQL2 277700 604611 
Wilms-Tumor; Denys—Drash-syndrome 11p13 WT1 194080 194080 


'The clinical phenotypes of the male infertility syndromes listed are described in detail with their profiles of 
inheritance in Victor McKusicks’s ‘Mendelian Inheritance in Man (MIM); respectively online (OMIM: 
http://www3.ncbi.nlm.nih.gov/omim/), under the given OMIM reference numbers. 

For more details see Table 9.1A. 
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A polygenic inheritance pattern has been proposed for the Kartagener Syndrome (KS) 
and Globozoospermia (GS). In this chapter a basic science perspective of these genes 
is presented with their description ranked according to the frequency of their muta- 
tion (for detailed description of their clinical significance see the chapter of P. Turek). 


9.1.3.1 The CFTR-gene in 7q31.2 


The Cystic Fibrosis Transmembrane Conductance Regulator (CFTR) gene locus is a 
single copy gene spanning ~250kb of genomic DNA in region q31.2 on the long 
arm of chromosome 7 (Fig. 9.4). It is composed of 27 short exons numbered 1-24 
(with a and b subdivisions for the exons 6, 14 and 17) that encode a messenger RNA 
of 6.5 kb and a protein with 1480 amino acids (molecular weight = 168 kDa). CFTR 
protein is functioning as a low-voltage, cyclic-AMP-regulated transmembrane chan- 
nel for chloride ions in all epithelial cells analysed (Ellsworth et al., 2000). It is a 
member of the ATP-Binding Cassette (ABC) family of transporter proteins, as it is 
characterised by two transmembrane domains (TM1, TM2), two nucleotide-binding 
domains (NBD1 and NBD2) and a cytoplasmic regulatory domain (R) containing 
many potential phosphorylation sites (Akabas, 2000). The TM domains define the 
structure of the CFTR chloride channel, the NPDs and R domains regulate its activ- 
ity. Since the CFTR protein is subject to complex post-translational processing, 
including phosphorylation and glycosylation in the Golgi organelle, only 30% of the 
protein produced at the ribosomes is reaching its cellular membrane target (Gelman 
and Kopito, 2003). The cellular transport of CFTR protein is mediated by the GOlgi- 
associated PDZ- and Coiled-coil motif (GOPC) protein, also functionally involved 
in formation of a functional acrosome (Yao et al., 2002). Therefore, GOPC is also 
called CFTR Associated Ligand (CAL) protein (Cheng et al., 2004). It modulates 
CFTR plasma membrane expression by retaining CFTR within the cell and targeting 
it for degradation (see also Globozoospermia candidate genes below). 

CFTR gene defects cause cystic fibrosis (CF) and CBAVD. The molecular aetiology 
of the CBAVD condition was for a long time unknown until it was recognised that 
CF men were often childless after some years of marriage and that their infertility 
was caused by the absence of the vas deferens (Holsclaw et al., 1971; Kaplan et al., 
1968). CFTR gene mutations are divided into six classes (I-VI) and two major cate- 
gories (Estivill, 1996; Welsh and Smith, 1993). The first category includes those 
mutants where the CFTR protein is unable to accumulate at the cell surface, either 
because of impaired biosynthesis (Class I and V) or because of defective folding at 
the endoplasmic reticulum (Class II). Mutants that belong to the second category 
express the CFTR protein at the cell surface but its mutated structure fails to translo- 
cate chloride ions because of a defect in activation (Class IV). CFTR class VI mutants 
appear to be normal in their biosynthetic processing and macroscopic chloride 
channel function but the biological stability of the mature, complex glycosylated form 
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is dramatically reduced (Haardt et al., 1999). Most frequently found is a deletion of 
three nucleotides in exon 10 which results in the loss of a phenylalanine residue at 
position 508 of the putative CFTR protein (Bobadilla et al., 2002). According to the 
CFTR online database (http://www.genet.sickkids.on.ca/CFTR) a surprisingly high 
number of 1005 pathological CFTR mutations and 208 variants are registered, most 
of them are rare and only present in single families. This suggests that the CFTR gene 
sequence can accommodate a degree of variability without loss of its basic chloride 
channel activity in the membranes of epithelial cells. Consequently, the severity of 
the CF pathology associated with a specific gene mutation is variable in different 
pedigrees (Estivill, 1996), ranging from severe pulmonary disease with pancreatic 
insufficiency to chronic bronchiectasis (Girodon et al., 1997). 

CFTR mutations causing a distinct somatic CF pathology most often cause 
CBAVD in male gonads. Other CFTR mutations only cause the CBAVD pathology 
(Oates and Amos, 1994). This suggests a different need for the CFTR protein in the 
different tissues. Indeed, it was found that the epithelial cells in the male genital tract 
appear to be more sensitive to a quantitative CFTR protein deficiency than the same 
cell type in other organs and also the processing of CFTR mutant transcripts seems 
to be different in the two cell types especially when changing the efficiency of the 
3'splicing site of intron 8 (Kiesewetter et al., 1993; Mak et al., 1997). Consequently, 
the most frequent CFTR mutations not causing CF but CBAVD is based on the dif- 
ferent sequence variants in this 3’ splicing region (Fig. 9.4). Four different T alleles 
(3T, ST, 7T, 9T) have been diagnosed in this CFTR sequence part. The reduction of 
the number of Ts results in reduction of the efficiency of splicing exon 9 in CFTR 
mRNA. In the presence of the 5T allele only 10-40% of CFTR mRNA contains exon 
9. Exon 9 encodes part of the functionally important first nucleotide-binding 
domain (NBD1). 

A remarkable number (60%) of heterozygous mutations in the CFTR gene form 
‘compound heterozygotes in the CBAVD patient group, that is different mutations 
in each gene copy are analysed (Patrizio et al., 1993). Compound heterozygotes of 
CBAVD patients with a 5T allele in one gene copy and an Arg117-to-His117 (R117H) 
mutation in exon 4 of the second gene copy also have a severe CF phenotype, whereas 
the 7T allele only results in CBAVD (Kiesewetter et al., 1993). 

The CFTR T alleles and their influence on the processing of exon 9 (skipping or 
inclusion in the CFTR mRNA) is linked to the extension of a polymorphic (TG), 
dinucleotide (n = 9-13) flanking the T alleles in the intron 8 sequence and the pres- 
ence of some exonic variants in exon 9 (Q452P; A455E) and exon10 (M470V) of the 
CFTR protein (Cuppens et al., 1994, 1998; Fig. 9.4). These variants have no deleterious 
consequences for the production of CFTR mRNA but in combination with the 5T 
allele, the presence of these variants results in a different production of CFTR mRNA 
with and without exon 9 thereby causing the CBAVD pathology (for review see 
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Claustres, 2005). The higher proportion of CFTR-transcripts without exon 9 found in 
the vas deferens cells independent of the T,, genotype suggests a distinct processing effi- 
ciency of CFTR transcripts in the male germ line (Mak et al., 1997; Teng et al., 1997). 

Using reporter CFTR minigenes, including the genomic sequence between exon 8 
and exon 10, the dependence of the splicing efficiency for the exon 9 sequence on the 
presence of the different TG and T allele combinations (cis factors) was confirmed 
and it was also shown that additional specific nuclear proteins (TDP-43; TIA-1; PTB) 
were physically interacting with these target sequences (trans-factors), all involved in 
a tissue specific exon 9 splicing control (Buratti et al., 2001; Niksic et al., 1999; Zuccato 
et al., 2004). Targeting mutations in the 5’ and 3’splice site of the exon 9 sequence 
revealed that this exon already contains only natural suboptimal splicing conditions 
making it inherently vulnerable for skipping (Hefferon et al., 2004). Interestingly, this 
vulnerability is absent in the mouse CFTR gene containing two strong splicing con- 
sensus sites and a very short and non-polymorphic polypyrimidine tract (Ellsworth 
et al., 2000). Studies on the testis pathology of human CFTR mutations can therefore 
not be deduced from the mouse animal model. 


9.1.3.2 The Kallmann 1 (KAL-1) gene locus 


Kallmann syndrome is the most common X-linked male infertility disorder. 
Genetically, Kallmann syndrome is heterogenous, and genotype—phenotype 
correlations are difficult to settle (Quinton et al., 1996). The patients can usually be 
successfully treated by hormone replacement therapy. The KAL-1 locus has been 
mapped to the X-chromosome (Xp22.3) (del Castillo et al., 1992; Franco et al., 
1991; Legouis et al., 1991). KAL-1 expression escapes X inactivation, has a putative 
non-functional homologue on the Y-chromosome (Fig. 9.1) and shows an unusual 
pattern of conservation across species including Caenorhabditis elegans (Bulow 
et al., 2002). The predicted protein anosmin-1 plays a key role in the migration of 
Gonadotropin Releasing Hormone (GnRH) neurons and olfactory nerves to the 
hypothalamus and has significant similarities with other proteins involved in neu- 
ral cell adhesion and axonal pathfinding, as well as with protein kinases and phos- 
phatases. This supports that the KAL-1 gene could have a specific role in neuronal 
migration control (Hardelin, 2001) and that GnRH is a key regulator of reproduc- 
tion and sexual behaviour. 

KALI-1 mutations, for example intragenic deletions and point mutations (Bick 
et al., 1992; Hardelin et al., 1992), cause the pathology of Kallmann syndrome typi- 
cally defined as an association between hypogonadotropic hypogonadism and anos- 
mia, that is the inability to smell. Since it occurs more frequently in men (1: 10,000) 
than in women (1:50,000) X-linked inheritance has been predicted (KAL-1) although 
examples of dominant (KAL-2) and autosomal recessive (KAL-3) inheritance have 
also been described (Table 9.2). Loss-of-function mutations in the fibroblast growth 
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factor receptor 1 (FGFR1) gene located on the short arm of chromosome 8 (8p1 1-12) 
were identified recently as the molecular base of the dominant autosomal KAL-2 
locus (Dode et al., 2003). The KAL-1 and FGFR1 genes were found to be co-expressed 
at different sites during embryonic development, a functional interaction between 
both proteins can therefore be proposed. This would also explain the higher preva- 
lence of Kallmann syndrome in males. 


9.1.3.3 The AR gene locus 


The AR gene is a member of the large intracellular family of glucocorticoid receptors 
that are made inactive by inhibitors and the absence of their ligands. Upon ligand 
binding, they get activated, move to the nucleus and bind to DNA. For its full activ- 
ity, a strong interaction between the N- and C-terminal peptide domain is essential. 
Ligands are the hormones testosterone (T) and dihydrotestosterone (DHT) that 
mediate a wide range of developmental and physiological responses in male sexual 
differentiation, pubertal maturation and the maintenance of spermatogenesis. They 
are therefore also called androgens. Production of testosterone (T) begins at the 8th 
week of pregnancy in foetal Leydig cells initiating the development of the male 
gonad from the Wolffian ducts. This includes formation of the epididymis, vas def- 
erens, and seminal vesicles. Formation of the male external genitalia, that is penis, 
scrotum, requires the conversion of testosterone to dihydrotestosterone by the 
steroid 5a-reductase 2 (SRD5A2). The androgen receptor gene is not expressed in 
germ cells but at different phases in Sertoli cells (Suarez-Quian, 1999), supporting its 
role in male gonad and germ line development. After ligand binding the protein 
dimerizes and translocates to the cell nucleus where it binds to specific palindromic 
DNA elements (5’-TGTTCT-NNN-AGAACA-3’) defined as Androgen Responsive 
Element (ARE) sites. Binding to a number of nuclear co-activators (Heinlein and 
Chang, 2002), the dimerised AR protein promotes the transcription of multiple tar- 
get genes. The AR interacting proteins are listed in a database (http://ww2.mcgill.ca/ 
androgendb/ARinteract.pdf). 

The androgen receptor gene is composed of eight exons along a genomic sequence 
region of —90 kb at Xq11-12 (Fig. 9.5). The long N-terminal peptide domain (555 
amino acids) encoded by exon 1 functions as a transactivation domain (TAD) by 
modulating the transcriptional activity of the AR-dependent downstream-genes. 
Exons 2-3 encode the DNA-binding peptide domain (DBD) (557-616 aa) and exons 
4-8 encode the C-terminal peptide domain (664—915 aa), responsible for the pro- 
tein’s androgen-binding (ABD) activity. The DBD domain contains two zinc-fingers 
that are required to bind to the ARE of the DNA sequence. In addition to these prin- 
cipal functions, all three domains embody subsidiary functions that affect dimerisa- 
tion, nuclear localisation and transcriptional regulation (Gobinet et al., 2002). 
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The TAD region in exon 1 is variable in length encoding a repetitive tract of 
glutamines (coded by CAG, n = 11-62) and of glycins (coded by GGC,; n = 12-29). 
This polymorphism quantitatively regulates AR promoter activity that is enhanced 
with lower and reduced with higher numbers of the CAG-repeat (Tut et al., 1997). 
Whether lower AR transactivation values also impair the rate of spermatogenesis is 
still an open question (Casella et al., 2003; Hiort and Holterhus, 2003; Patrizio et al., 
2001). In a large comparative study including 600 fertile and 674 infertile men from 
Europe, numbers of CAG-repeats in the fertile and infertile men were not statistic- 
ally different (Rajpert-De Meyts et al., 2002), and this was confirmed in other stud- 
ies with 119 infertile men of Caucasoid origin (Dadze et al., 2000) and 280 men 
from an Indian population (Thangaraj et al., 2002). However, ethnical differences 
probably exist for the functional phenotype of the TAD peptide activating down- 
stream spermatogenesis genes in some other human populations. 

It this context it is interesting to note that CAG repeat length greater than n = 38 are 
usually not associated with male infertility but with the occurrence of a severe neu- 
rodegenerative disease, Spinal Bulbar Muscular Atrophy (SBMA: Kennedy syndrome: 
OMIM-ref: 313200). The SBMA CAG disease alleles range between n = 38-62 (La 
Spada et al., 1991). Intracellular AR is essential for androgen action (T and DHT). 
Hence the AR is essential for normal primary sexual development before birth and for 
normal secondary male development at puberty (virilisation) including sperm matur- 
ation (Holdcraft and Braun, 2004). Therefore, the AR gene must also be involved in 
the regulative genetic network controlling spermatogenesis. 

In the cell cytoplasm the function of the AR is inhibited by the binding of a num- 
ber of heat-shock proteins (Hsps). They are released after androgen binding and 
phosphorylation has transformed the AR protein structure into a confirmation able 
to be translocated to the nucleus and to bind to the ARE sequence elements after 
dimerisation. After binding to a number of co-factors, including basal transcription 
factors and core promoter elements, the AR target genes are becoming transcriptional 
active (Gobinet et al., 2002). 

The general high grade of sequence variations in the AR gene (more than 300 point 
mutations in the AR-database: http://ww2.mcgill.ca/androgendb/AR23C.pdf) reflects 
a high structural flexibility of the dimeric AR-protein in its functional complex with 
the multiple co-activators, together resulting in a gonad-specific transcription factor. 
Consequently, no specific pathology is found for most AR gene mutations but more 
a variety of pathological phenotypes ranging from testicular feminisation with male 
infertility (CAIS: complete androgen insensitivity syndrome) to male infertility with 
mild androgen insensitivity (MAIS). This variability is the consequence of the quanti- 
tative gradient of the T/DHT binding efficiency in the ABD region of the AR protein 
(Gottlieb et al., 2005). Mutation analysis of the AR gene should therefore be offered to 
all patients where male infertility is associated with a mild androgen resistance 


243 Genetics: a basic science perspective 


syndrome like Rosewater-Syndrome and Reifenstein-Syndrome (OMIM-ref. 312100, 
312300). 


9.1.3.4 Follicle-steroid hormone/luteinizing hormone receptor (FSHR/LHR) locus 

The receptors for the gonadotropins follicle-stimulating hormone (FSH) and 
luteinizing hormone (LH) belong to the family of G-protein-coupled receptors. 
These receptors are characterised by a large extracellular domain that specifically 
binds the LH or FSH heterodimers. The a-helical transmembrane domain is 
linked to the intracellular domain, which is coupled to the cellular G-protein signal 
pathway converting ATP to c-AMP via the adenylcyclase enzyme complex. Upon FSH 
or LH binding, a conformational change of the intracellular receptor protein domain 
leads to the binding of G-proteins (Aittomaki, 1998). This structural relationship indi- 
cates a common origin and functional relationship of both genes (designated as FSHR 
and LHR). Additional support comes from their clustered localisation on the short 
arm of chromosome 2 (2p21) and their related exon structures. The extracellular 
domain is encoded by exon 1-9 (FSHR) and exon 1-10 (LHR) respectively. The trans- 
membrane, as well as the intracellular domain, are encoded for by the last long exon in 
both genes (1251 nt in FSHR; 1200 nt in LHR). 

Surprisingly, a variable suppression of spermatogenesis and fertility was diag- 
nosed in men homozygous for the inactivating Al89V mutation in exon 7 of the 
FSHR gene (Tapanainen et al., 1997). As a result, the essential role of FSH and FSHR 
expression for the initiation of spermatogenesis in human is questionable. Although 
FSH/FSHR action is required to increase testicular size, spermatogenesis can occur in 
the presence of severe FSH resistance as long as there is a normal testosterone pro- 
duction. These observations have been confirmed recently in FSHR and FSH gene- 
knockout mice (Abel et al., 2000). Three single nucleotide polymorphisms (SNP) of 
the FSHR gene, one in the promoter region and two in exon 10 had no influence on 
male fertility despite a significant correlation between these polymorphisms and the 
basal FSH levels diagnosed in females (Simoni et al., 2002). 

Mutations in the LHR gene leads to hypogonadal phenotypes (Leydig cell hypopla- 
sia, LCH) due to a delay in foetal and pre-pubertal male development (male pseudo- 
hermaphroditism, MPH). MPH can be caused by different genetic anomalies. Among 
them are anomalies of Leydig cell differentiation, causing hypoplasia or even absence 
of Leydig cells (LCH). A number of mutations in the LHR gene resulting in complete 
or partial resistance to LH and associated with variable pathologies of the male gonad 
have been reported (Sultan and Lumbroso, 1998). Male infertility then occurs because 
of male gonad dysgenesis including micropenis and hypospadias. 

Familial male-limited precocious puberty (FMPP) has been diagnosed in patients 
with a constitutive activation of the LH transduction pathway (Sultan and Lumbroso, 
1998). It is a dominant disorder that is caused by two LHR mutations (D578G and 
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M5711) located in the sixth transmembrane domain (Kremer et al., 1993). The most 
severe phenotype, resulting from altered LH-LHR interaction, is characterised by an 
external female phenotype with a blind ending vagina and primary amenorrhoea. In 
summary, the variance of pathological phenotypes associated with LHR gene muta- 
tions is similar, as has been found with mutations in the androgen receptor gene (see 
above). 

FSH and LH are hetero-dimeric molecules that share a common a-subunit 
(also with chorionic gonadotropin, CG and thyroid-stimulating hormone, TSH) 
and have specific B-subunits. The single gene encoding the common a-subunit has 
been mapped to chromosome 6 (6q12—21). The FSH-B subunit encoding gene has 
been mapped to chromosome 11 (11p13) and the LH-B subunit encoding gene to 
chromosome 19 (19q13.32), where it is linked with six copies of the human CG gene. 
FSH is essential for Sertoli-cell proliferation and maintenance of sperm quality in the 
testis. The functional action of FSH might be different in the mouse and human 
germ line since males with FSH-B mutations present with azoospermia (Achermann 
et al., 2001), whereas homozygous FSH-B knockout mice have small testes, are oligo- 
zoospermic but are fertile (Matzuk and Lamb, 2002). Only one LH-B gene mutation 
associated with male infertility has been reported (Acherman et al., 2001). 


9.1.3.5 INSL3 and LGR8-GREAT gene loci are functional for testis descent 


INSL3/LGR8-GREAT are both functionally involved in the molecular mechanism of 
testis descent. Testicular descent from abdomen to scrotum occurs in two distinct 
phases: the trans-abdominal phase and the inguinal-scrotal phase. The gubernaculum 
connects the gonad to the inguinoscrotal region and is involved in testis descent. It rap- 
idly develops in the male foetus, whereas development in the female foetus is lacking. 
Since absence of Insl3 in male mice results in bilateral impairment of testis descent, 
that is cryptorchidism (Adham et al., 2000; Nef and Parada, 1999), it has been pro- 
posed that mutations involving this gene may also be a cause of cryptorchidism in 
men. Cryptorchidism is one of the most frequent congenital abnormalities in humans, 
involving 2% of male births (OMIM ref.: 219050; Table 9.2). Cryptorchidism can 
result in infertility and an increased risk for development of germ-cell tumours. The 
aetiology of cryptorchidism is for the most part unknown and appears to be geneti- 
cally heterogeneous. Other factors are involved in gubernaculum development, for 
example androgens and anti-Mullerian hormone (AMH). 

In human, INSL3 has been mapped on chromosome 19 (19p13.2). It is also 
known as relaxin-like factor (RLF) and Leydig insulin-like protein (LEY I-L) anda 
member of the insulin/relaxin hormone superfamily that is highly expressed in 
Leydig cells (Burkhardt et al., 1994). The frequency of INSL3/RLF gene mutations 
as a cause of cryptorchidism appears to be low because only 2 of 145 (1.4%) for- 
merly cryptorchid patients were found to have a INSL3 mutation (Tomboc et al., 
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2000). Mutation analysis of the coding regions of the INSL3 gene was performed in 
145 formerly cryptorchid patients and 36 adult male controls using single-strand 
conformational polymorphism (SSCP) analysis. Two mutations, R63X and P93L, 
and several polymorphisms were identified. 

INSL3 is the ligand for LGR8, one of the recently identified G protein-coupled 
orphan receptors (LGR4—8) homologous to gonadotropin and thyrotropin recep- 
tors (Kumagai et al., 2002). Transgenic mice missing the LGR8 gene also dis- 
play cryptorchidism. The same mouse gene, but designated as G-protein-coupled 
Receptor Affecting Testis descent (GREAT), because it was identified by a different 
research group (Gorlov et al., 2002), was screened for some nucleotide variants 
in 61 cryptorchid human patients. Compared with the GREAT cDNA sequence, 
a unique missense mutation (T222P) was identified in the ectodomain of the 
GREAT receptor (Gorlov et al., 2002). Two sequence variants in exon 12 (A/G trans- 
versions at nucleotide positions 957 and 993) were identified in 40 out of the 61 
cryptorchid patients but were also identified in the normal control men displaying 
three different haplotypes (A957 and A993, A957 and G993, G957 and G993). 

The low frequency of mutations found in the INSL3 and GREAT/LGR8 gene locus 
of patients with testicular maldescent suggests that this frequent occurring pathol- 
ogy must be caused by mutations in some other genes as well. Indeed, some candi- 
date genes have already been suggested based on chromosome analyses and were 
found to be located, probably, on chromosome 1, 2, 8, 9, 22, X- and the Y-chromo- 
some (Moreno-Garcia and Miranda, 2002). 


9.1.3.6 DNA polymerase G (POLG) locus 


The human POLG gene locus encoding the catalytic subunit of mitochondrial 
DNA polymerase has been mapped to the long arm of chromosome 15 (15q25) 
(Zullo et al., 1997). POLG is the only DNA polymerase responsible for mitochon- 
drial DNA replication. The protein contains a polyglutamine tract encoded for by 
a CAG repeat in the first POLG exon. This CAG repeat is polymorphic in length, as 
found for the AR gene, although with a much lower variability. The common 
(CAG),,=19 repeat allele is found with a uniformly high frequency (0.88) in differ- 
ent ethnic populations and absent in only 1% of the individuals (Rovio et al., 
1999). This indicates that, in contrast to the AR-CAG repeat, a strong positive 
selection for one major (CAG), -allele exists. 

Interestingly, in infertile men with moderate oligozoospermia this common CAG 
allele was found to be absent. The mutant genotype (absence of the common CAG jg- 
allele, ‘abs10’ POLG-allele) was found at an elevated frequency in this patient class in all 
populations studied (Rovio et al., 2001). Using sperm DNA from men in whom 
azoospermia was excluded, 9 of 99 infertile males (9%) from Finland or England were 
found to be homozygous for the ‘abs10’ POLG-allele. In contrast, this allele was 
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present in sperm DNA from all 98 fertile males studied. The frequent finding of the 
‘abs10/abs10° genotype in infertile men (9.1%) is therefore highly significant. 
However, in a similar study with a large number of Italian patients the ‘abs10/abs10° 
genotype was not found (Krausz et al., 2004). Screening 195 individuals with some 
sort of sperm abnormalities including numbers and 190 fertile control samples with a 
normal sperm count from the same area no absence of the common (CAG), allele 
could be registered in the infertile men population. The same conclusion was drawn 
from a multi-center study in France (Aknin-Seifer et al., 2005). 

A higher frequency of heterozygosity for the ‘abs10 allele in infertile males than 
in fertile males would suggest a causative influence of this POLG allele on the 
men’s fertility. Given the many rounds of cell division during spermatogenesis and the 
functional necessity of mitochondrial DNA (mt-DNA) for sperm function, it seems 
plausible that a suboptimal mt-DNA polymerase would result in the accumulation 
of mt-DNA mutations and in failure to complete differentiation. Obviously, the 
“abs10/abs10° POLG variant in infertile men was not found at an elevated frequency 
in all populations studied. This indicates only a weak impairment of the POLG 
gene in mitochondria of men with an increased or reduced length of the common 
CAG 10-repeat allele; probably being dependent on the ethnic background as 
found for the CAG-repeat alleles of the AR gene (Rajpert-De Meyts et al., 2002). 


9.1.3.7 Gene defects causing Kartagener syndrome and Globozoospermia 


Two prominent examples where defects of different genes are causing the same 
testicular pathology are the multiple genes causing Kartagener syndrome (KS) and 
Globozoospermia (Table 9.2). KS is also associated with immotile cilia syndrome, 
that is primary ciliary dyskinesia (PCD; OMIM no. 242650). The prevalence of PCD 
is estimated to be 1 in 20,000-60,000 but, like KS, it occurs more frequently (range 
between 1 in 8000—25,000). Spermatozoa from men with KS are immotile, like the 
cilia in their respiratory tract. Complete absence of dynein arms forming temporary 
cross bridges between adjacent ciliary filaments are causative factors. Dynein arms 
are believed to be responsible for generating movement in cilia and sperm tails. 
Although pedigree analysis mostly suggests an autosomal recessive inheritance pat- 
tern of KS, X-linked and autosomal dominant inheritance patterns were reported as 
well (Narayan et al., 1994). This points to genetic heterogeneity of KS, that is caused 
by mutation in multiple genes although of the same genetic network. A genome- 
wide linkage analysis has now confirmed the expected extensive locus heterogeneity 
for the PCD syndrome (Blouin et al., 2000) and the first three genes causing KS, if 
mutated, have been isolated: the gene encoding the dynein axonemal intermediate 
chain 1 (DNAH1) on the short arm of chromosome 9 (9p13—21) (Pennarum et al., 
1999), the gene encoding the dynein axonemal heavy chain 5 (DNAHS) on the short 
arm of chromosome 5 (Olbrich et al., 2002), and the gene encoding dynein axonemal 
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heavy chain 11 (DNAH11) on the short of chromosome 7 (7p21) (Bartoloni et al., 
2002). The axoneme is composed of about 250 distinct proteins (Dutcher, 1995). 
Therefore it can be expected that mutations in the other dynein axonemal arm genes 
will also cause a KS phenoytpe. 

A polygenic inheritance pattern has also been discussed for round-headed 
spermatozoa phenotype (globozoopspermia), induced by malformations or 
absence of the acrosome (Florke-Gerloff et al., 1984). The number of round-headed 
sperm in the ejaculate can vary between 14% and 71%. Two types of globozoosper- 
mia are distinguished: Type I is characterised by a complete lack of acrosome and 
acrosomal enzymes and by a spherical arrangement of the chromatin. These sperm 
are unable to penetrate the zona pellucida, causing infertility. Type II has some acro- 
somal activity covering a canonical nucleus surrounded by large cytoplasmic 
droplets (Singh, 1992). Elevated chromosome aneuplodies were found in round- 
headed sperm with FISH using probes for chromosomes 13, 15, 18, 21, X, and Y 
(Carrell et al., 1999, 2001), although this could not be confirmed by other authors 
(Vicari et al., 2002; Viville et al., 2000). However, in all cases, an increased damage of 
the sperm chromatin structure has been reported, indicating a high mutational load 
in the paternal DNA structure of these patients. Globozoospermic sperm will there- 
fore have an inherently low fertilisation rate even with intracytoplasmic sperm 
injection (ICSI), because an increased damage of sperm chromatin and DNA is 
generally decreasing the sperms fertilisation capacity and also impair early embry- 
onic development (Sakkas et al., 1998). 

It has been found that the mouse gene encoding the protein kinase casein kinase II 
(Ck2) encodes a germ line-specific isoform (Csnk2a2) expressed in late stages of 
spermatogenesis and, if disrupted, cause globozoospermia (Xu et al., 1999). Casein 
kinase II is a cyclic-AMP and calcium-independent serine-threonine kinase that is 
composed of two catalytic subunits (alpha and alpha’) and two regulatory beta- 
subunits. The highly conserved amino acid sequences of its subunits and their broad 
expression suggest that Ck2 may have a fundamental role in cell function. Ck2 has 
been implicated in DNA replication, regulation of basal and inducible transcription, 
translation and control of metabolism. The Ck2alpha and Ck2alpha’ isoforms (prod- 
ucts of the genes Csnk2a1 and Csnk2a2, respectively) are highly homologous, but the 
reason for their redundancy and evolutionary conservation is unknown. No muta- 
tions were yet found in the homologous human genes, CSNK2A2 and CSNK2B, after 
screening six patients suffering from globozoospermia (Pirrello et al., 2005). 

A second mouse gene causing globozoospermia if disrupted (knock-out mutant) 
is the gene encoding the GOlgi-associated PDZ- and Coiled-coil motif- (GOPC) 
protein (Yao et al., 2002). In these mice the acrosome in round-headed sperm is 
absent because of fragmentation in the early round spermatids. The GOPC protein 
is localised at the Golgi apparatus as well as the trans-Golgi network in spermatids. 
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It plays a role in the vesicular transport of other proteins from the Golgi apparatus 
to the plasma membrane. Interestingly, its human homologue has been isolated as 
CFTR Associated Ligand (CAL) protein that modulates CFTR plasma membrane 
expression by retaining CFTR within the cell and targeting it for degradation 
(Cheng et al., 2004). 

Multiple somatic genetic disorders cause male infertility pleiotropically (Table 9.2). 
That means that patients with mutations in, for example, the DM-1 gene causing 
myotonic dystrophy, are not always infertile. Considering different cell systems, the 
primary effect of a gene mutation is not identical and, only sometimes but not always, 
a second pathology occurs in an apparently remote cell system, that is pleiotropi- 
cally. The over-all pattern of heterozygous mutations in the personal genome is there- 
fore called ‘individual specific heterozygosity’ or ‘genetic load factor. According to 
these rules, it is often doubtful whether a given gene mutation with a recessive somatic 
gene defect may have a dominant inheritance pattern in the germ line, like that sug- 
gested for the CF/CBAVD locus (see above). It is therefore also not surprising when 
the same mutation in a given gene locus causes a variable pathology (see e.g. AR, 
CFTR, FSHR) or male infertility as a single pathology. 


9.2 Male fertility marker genes 


Mature mammalian spermatozoa require a post-testicular maturation process, 
including their exposure to the specific microenvironment provided by the epi- 
didymis. Therefore, ICSI fertilisation rates with testis-extracted spermatozoa (TESE) 
are usually lower then when mature spermatozoa isolated from the patient’s ejaculates 
are used (Tournaye, 1999; but see also Bukulmez et al., 2001). Also, a reduced implant- 
ation rate has been reported for ICSI cycles using testicular sperm compared with 
those using ejaculated sperm (Pasqualotto et al., 2002; Ubaldi et al., 1999). Thus, there 
is ample circumstantial evidence that epididymal function is essential for male fertil- 
ity and that epididymal proteins are involved in this process (Kirchhoff, 1999). 
However, our understanding of how the individual proteins implement the acquisi- 
tion of sperm fertilizing ability is still unclear. In order to better appreciate the role of 
the epididymis at a molecular level, a careful analysis of its specific pattern of gene 
expression needs to be elaborated (Kirchhoff, 2002). In any case, the diagnosis of the 
fertility potential of a semen sample is essential. Accurate molecular genetic diagnos- 
tic tests are needed to determine the sperm’s fertility potential. 


9.2.1.1 PHGPx expression in the male germ line 


A prominent male fertility marker protein already expressed in spermatids and located 
as major structural protein in the midpiece of mature sperm tails is the mitochondrial 
capsule selenoprotein (MCS) encoded for by an isoform of the Gluthathione 
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peroxidase gene GPX-4 (Ursini et al., 1999), which is located on the short arm of chro- 
mosome 19 (19p13.3) (Kelner and Montoya, 1998). The GPX-4 isoform encodes the 
phospholipid hydroperoxide glutathione peroxidase (PHGPx) enzyme expressed in 
three different forms using alternative start codons. These target the enzyme to the 
cytosol, mitochondria, or to the nucleus, respectively. Preferential PHGPx gene tran- 
scription is observed in the late round spermatids, but ceases abruptly upon transition 
to elongated spermatids. The change in shape from round spermatids to the elongated 
form parallels, in time, the change of the chromosomal packaging proteins from his- 
tones to protamines. PHGPx activity in spermatids may therefore also functionally 
contribute to crosslinking of the protamine thiols, which is essential for stabilisation of 
the postmeiotic condensation of sperm chromatin. 

In mature spermatozoa PHGPx activity is hardly detectable because it has been 
transformed to the oxidatively inactivated MCS protein (Ursini et al., 1999). This 
switch in the redox status during late sperm maturation is explained by the disap- 
pearance of GSH, the usual PHGPx reductant. PHGPx, thus deprived of its usual 
GSH reduction, becomes cross-linked with itself and with other SH-proteins via 
seleno-disulphide bridges. In the midpiece of mature spermatozoa, the oxidised 
PHGPx protein represents at least 50 percent of the capsule material that embeds 
the helix of mitochondria. The mechanical instability of the mitochondrial mid- 
piece that is observed after selenium deficiency also points to an essential role of 
PHGPx as a structural sperm tail protein. 

The PHGPx protein content in sperm can be estimated after reductive solubilisa- 
tion by measuring the rescued PHGPx activity (Foresta et al., 2002). It was found 
that the rescued PHGPx activity in infertile men ranged significantly below that of 
controls (93.2 + 60.1 units/mg sperm protein versus 187.5 + 55.3 units/mg). It was 
particularly low in oligoasthenozoospermic specimens (61.93 + 45.42 units/mg; 
P < 0.001) compared with asthenozoospermic samples and controls. In isolated 
motile sperm samples, motility decreased faster with decreasing PHGPx content. 
Obviously, irrespective of the cause of alteration, the content of PHGPx in sperma- 
tozoa is correlated with fertility-related parameters and their residual PHGPx pro- 
tein activities can be used as a predictive marker for the fertilization capacity of the 
patients’ sperm. 


9.2.1.2  PRM-1/PRM-2 expression and sperm chromatin condensation 


Male infertility can be also associated with abnormal sperm chromatin condensation 
due to a lack of protamines (Balhorn et al., 1988). Protamines are the major DNA- 
binding proteins in the nucleus of sperms in most vertebrates, packaging the DNA in 
a volume less than 5% of a somatic cell nucleus. Many mammals have one protamine, 
but a few species, including humans and mice, have two. Mouse knock-out studies for 
both protamine genes have now shown that they are functional, not redundant, and 
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that both protamines are essential for sperm chromatin condensation and that hap- 
loinsufficiency caused by a mutation in one allele of Prm-1 or Prm-2 prevents genetic 
transmission of both mutant and wild-type alleles (Cho et al., 2001). It has now been 
shown experimentally in mice that protamines are essential for compaction of the 
sperm nucleus, and COMET assays have demonstrated that there is a direct correl- 
ation between the fraction of sperm with haploinsufficiency of Prm-2 and the fre- 
quency of sperm with damaged DNA (Cho et al., 2003). As expected, ultrastructural 
analysis revealed reduced compaction of the sperm chromatin. ICSI with Prm- 
2-deficient sperms result in activation of most metaphase II-arrested mouse eggs, but 
only few were able to develop to the blastocyst stage. These findings suggest that the 
integrity of sperm DNA is also important for early embryonic development, which 
fails if there is increased sperm DNA damage. Prm-2 protein is therefore one of the 
crucial gene products for maintaining the integrity of sperm chromatin. 
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10.1 Introduction 


Although abnormalities of the Y chromosome have been associated with male 
infertility since 1976 (Tiepolo and Zuffardi, 1976), it was only in the last decade that 
the Y chromosome was shown to have regions and genes that govern spermatogen- 
esis. More recently, it has become clear that the X chromosome may be just as 
important as the Y chromosome in determining male fertility potential. This chap- 
ter will review our current understanding of the genotype—-phenotype relationships 
that underlie abnormalities of both the X and Y chromosomes, and discuss recog- 
nized syndromes of the gonosomes that are known to cause male infertility. 


10.2 Y chromosome 


Over the last 10 years, there has been significant progress both in analyzing the 
molecular structure of the Y chromosome and understanding the relationship of 
Y chromosome mutations to infertility phenotypes. Before its firm association 
with male fertility, the Y chromosome was widely considered a genetic black hole, 
a chromosome that evolved as a broken remnant of the X chromosome. It was clear 
that the Y harbored the male sex-determining region (testis-determining region or 
sex-determining region Y (SRY)), but it was also home to gene regions that govern 
stature, tooth enamel and hairy ears as well as ‘junk’ gene regions. Now that the 
genome of the human Y is known, we realize that this chromosome is structurally 
unique as a fertility chromosome. 


10.2.1 Azoospermia factor 
The postulation that deletions in the long arm of the Y chromosome cause 
azoospermia was made 30 years ago (Tiepolo and Zuffardi, 1976). Based on cyto- 
genetic analysis, this theoretical region was termed the Azoospermia Factor (AZF). 
Currently, the positional patterns of deletions (termed ‘microdeletions’) in the 
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Non-AZF 5% 


Combinations 
14% 


AZFa 5% 


AZFb 16% AZFc 60% 


Relative frequency of specific AZF deletions in men (n = 5000) with Yq microdeletions 
(Foresta et al., 2001a) 


AZF region are used to subdivide this region into AZFa, AZFb, AZFc subregions 
(Vogt et al., 1996). Regional deletions of the Y chromosome, termed Yq microdele- 
tions occur in 6-8% of severely oligospermic men and in 3—15% of azoospermic 
men (Reijo et al., 1996). Taken together, such deletions are the most commonly 
defined molecular cause of male infertility (Kostiner et al., 1998). The relative 
frequency of individual AZF deletions among 5000 infertile men with Yq micro- 
deletions is shown in Figure 10.1 (Foresta et al., 2001a). 


10.2.2 Mutations in Y chromosome genes that cause infertility 


Although a handful of individual genes have been mapped to the AZF regions on 
Yq, very few reports define precise mutations within a gene that are associated with 
male infertility. The best example is a de novo point mutation described in an 
azoospermic male that included four base pairs in the Yq gene USPY in the AZFa 
region (Sun et al., 1999). Another patient was found to have a deletion in the 
DEAD box Y (DBY) gene in the AZFa region, but the effect of the deletion on gene 
function was not fully analyzed (Foresta et al., 2000). 


10.2.3 Limitations of Y chromosome testing 


Yq analysis is generally performed with polymerase chain reaction (PCR) technol- 
ogy on peripheral blood lymphocytes. There is wide variability among testing cen- 
ters in primer number and types (sequence-tagged sites (STS)) used for analysis 
that often leads to incomplete descriptions of the extent and position of deletions 
(i.e. complete or partial deletion of region), and makes comparison of data from 
different centers very hard. Undoubtedly, this is hampering our ability to accurately 
define genotype—phenotype correlations (Ferlin et al., 2004; Kleiman et al., 2001). 
In addition, the euchromatic Yq consists of massive, nearly identical ampliconic 
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repeats and palindromes that makes identification of AZF borders that much more 
difficult. Furthermore, genetic descriptions of ‘microdeleted’ regions of Yq do not 
necessarily correlate with actual deletions in specific genes, a problem that can also 
confound interpretation. Finally, it is also possible that some patients might be 
mosaic when comparing Yq deletions in leukocytes and sperm (Ferlin et al., 1999). 
These variables pose significant barriers to a complete understanding of genotype- 
phenotype correlations in Yq-deleted patients. Despite these caveats, an attempt will 
be made to summarize currently understood genotype—-phenotype correlations 
regarding Yq microdeletions. 


10.2.4 Prognosis for AZF deletions: ejaculated sperm 


There is considerable controversy regarding the prognostic value of specific 
AZF deletions. This is especially true regarding deletions in the AZFa and AZFb 
regions, as there are currently too few affected patients upon which to make 
unequivocal statements regarding genotype—phenotype correlations. In contrast 
to partial and complete AZFc deletion patients, in whom sperm can be found 
on semen analysis, the chance of finding ejaculated sperm in men with complete 
AZFa or AZFb deletions is highly unlikely (Hopps et al., 2003). However, since 
fewer than 100 patients with isolated AZFa or AZFb deletions have been reported, 
more patients are needed to confirm these preliminary statements. Indeed, sperm 
have been detected in ejaculates of men with presumed and confirmed partial 
AZFa and AZFb deletions (Foresta et al., 2001b). Similarly, ejaculated sperm in 
men with AZFa + b, and AZFb + c deletions (presumably partial deletions) has 
also been reported, but the finding of AZFa—c deletions has been associated with 
azoospermia. 


10.2.5 Prognosis for AZF deletions: testis histological findings 


When analyzing the testis histology associated with Yq microdeletions, it appears 
that several general patterns exist (Vogt et al., 1996). Complete AZFa deletions are 
associated with germ cell aplasia or Sertoli cell-only histology (Type I). Complete 
AZFb deletions are generally associated with maturation arrest at the primary 
spermatocyte (early) or spermatid (late) stages. As might be expected, partial AZFa 
or AZFb deletions have a mixed testis phenotype. AZFc deletions are associated 
with hypospermatogenesis or a Sertoli cell-only Type II (better chance of finding 
foci of spermatogenesis than Type I) phenotype. Combined deletions of two or 
more regions that include AZFb are associated with Sertoli cell-only or maturation 
arrest phenotype. An important consideration for fertility treatment in these 
patients is the observation that there may be a time-dependent decline in sperm 
production in AZFc-deleted patients (Simoni et al., 1997). 
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10.2.6 Prognosis for AZF deletions: testis sperm retrieval and intra-cytoplasmic sperm 


injection results 


Patients with AZFc deletions carry the best prognosis for finding sperm during tes- 
ticular sperm retrieval procedures performed for intra-cytoplasmic sperm injec- 
tion (ICSI). Although results vary by center experience and retrieval method, 
approximately 50-55% of AZFc deleted men will have testis sperm available for 
ICSI (Hopps et al., 2003; Krausz et al., 1999). In patients with complete AZFa or 
AZFb microdeletions, a negative prognosis for sperm retrieval is the expectation, 
but this is based on a very limited number of cases to date (Hopps et al., 2003; 
Krausz et al., 1999). Deletions involving one or more regions that include AZFa or 
AZFb have met with a similar poor prognosis. The ability to find testicular sperm 
in patients with partial deletions of AZFa or AZFb regions is not well described. 
One critical variable in this analysis is the technique and expertise of the reporting 
center, as a sperm retrieval that involves a single or few testis biopsies may not have 
the same sperm ‘yield’ as a testicular microdissection or be as informative as a sys- 
tematic fine needle aspiration ‘map’ in this cohort of patients (Turek et al., 2000). 
Four studies have assessed in vitro fertilization (IVF)—-ICSI outcomes in men 
with AZF deletions (Table 10.1), presumably to assess whether such deletions may 
affect embryogenesis in addition to spermatogenesis. In one study, normal oocyte 
fertilization rates and embryo quality were poorer than contemporary, non-AZF- 
deleted controls (van Golde et al., 2004). In the other studies, no discernable or sig- 
nificant differences were noted in fertilization or pregnancy rates (Choi et al., 2004; 
Kihaile et al., 2004; Oates et al., 2002). However, these studies constitute small 


Table 10.1. Summary of studies that address IVF-ICSI outcomes in Yq deleted couples 


No of Normal fertilization rate Pregnancy/cycle 
Author patients Yq deletions Controls (%) AZF (%) Controls (%) AZF (%) 
Mulhall et al. 3 AZFc 45 36 - _ 
(1997) (n = 25 cycles) (n = 6 cycles) 
van Golde etal. 8 AZFc with 71 55 25 16 
(2004) oligozoospermia (n = 107 patients) 
Oates et al. 26 AZFc _ 47 _ 27 
(2002) 
Choi et al. 17 AZFbandcwith 58 49 43 33 
(2004) azoospermia (n = 53 patients) 
and 


oligozoospermia 
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numbers of patients and are subject to Type II statistical errors that may render it 
difficult to detect small but real differences in outcomes. 


10.2.7 Prognosis for AZF deletions: offspring 

It has been shown that men with AZF deletions who conceive with IVF-ICSI will 
pass on the Yq deletion to male offspring (Mulhall et al., 1997, Oates et al., 2002). 
Thus far, children conceived with an affected father are somatically healthy. However, 
male offspring would be expected to show similar spermatogenic deficiencies that 
currently exist in Yq-deleted men. Given that genetic mutations can remain stable or 
increase in extent as a species evolves, it is likely that male offspring of Yq-deleted 
men could possess a more severe phenotype than their fathers. In this scenario, a 
father with non-obstructive azoospermia and isolated foci of spermatogenesis and a 
Yq microdeletion phenotype might bear a son who is completely sterile. 

Another important consideration mentioned earlier is the observation that 
there may be a time-dependent decline in sperm production in AZFc-deleted 
patients. This finding demonstrates the importance of genetic counseling, since a 
male offspring of an AZFc-deleted male should consider cryopreservation in early 
adulthood (Krausz et al., 1999). 


10.3 X chromosome 


10.3.1 Structural abnormalities of the X chromosome associated with male infertility 
Although its role as a sex-determining chromosome is well recognized, an early 
suggestion that the X chromosome may harbor genes controlling male fertility 
arose from case reports of X chromosome translocations, partial deletions and 
inversions that resulted in severe infertility and azoospermia (Cantu et al., 1985; 
Lee et al., 2003; Madan, 1983; Mark et al., 1999; Mattei et al., 1982; Nameth et al., 
2002) (Table 10.2). Infertility from structural abnormalities has been postulated to 
occur through direct interruption of a gene at breakpoint regions or as a conse- 
quence of ‘position effect, in which an uninterrupted gene does not function nor- 
mally because of its changed chromosomal environment, but not necessarily due 
to disruption of the X-inactivation gene on Xq13 (Nemeth et al., 2002). As a con- 
sequence, the X chromosome garnered suspicion as an important chromosome for 
the determination of male as well as female fertility. 


10.3.2 Studies on the mouse X chromosome 
In 2001, Wang et al. began a systematic search for the genes expressed exclusively in 
mouse spermatogonia (Wang et al., 2001). Of 25 genes identified by complemen- 
tary DNA (cDNA) subtraction, 3 localized to the Y chromosome, 12 to autosomes 
and 10 (9 novel) were found on the X chromosome. Verifying the value of the 
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Table 10.2. Abnormalities of the human X chromosome associated with an infertile male phenotype 


Region Geneticlocus Genes or function Pathology Phenotype Reference 

Xp 2 2 Deletion Klinefelter Mark et al. (1999) 

Xq Xq12-25 2 Paracentric Klinefelter Nemeth et al. (2002) 
inversion 

Xp22 Xp22;8q11 ?TEX13A, B X-autosomal  Azoospermia Lee et al. (2003) 
translocation 

Xq22 Xq22;19q13.3 ?FTHLI7 Azoospermia 

?TCTEIL 

Xq26 Xq26;3q13.2 ? X-autosomal Azoospermia Cantu et al. (1985) 

translocation 


Note: Reports with mosaicism or Y chromosome involvement were not included in this analysis. 


? = currently unknown. 


Table 10.3. Human germ cell specific X-linked genes expressed in spermatogonia (10) 


Mouse Human Human 
Mouse gene chromosome ortholog chromosome Comments 
Fthl17 X FTHL17 X Ferritin, iron metabolism 
Usp26 X USP26 X Ubiquitin specific protease 26 
Tex11 X TEX11 X Testis expressed gene 11 
Tafq2 X TAF2Q X TBP-associated factor; RNA polymerase II 
Nxf2 X NXF2 X Nuclear RNA export factor 
Tex13 X TEX13A, 13B X Testis expressed gene 13 
mUtpl4b X UTP14 X Juvenile spermatogonia depletion (jsd) phenotype 


cDNA subtraction, these experiments recovered the mouse homologs of 3 well- 
described human Y chromosome genes: ubiquitin specific protease 9 Y (USP9Y), 
RNA binding motif Y-linked (RBMY), and deleted in azoospermia (DAZ). The 
strong and quite unexpected predilection of genes solely expressed in spermatogo- 
nia to the X chromosome, indicating a 15-fold enrichment relative to chance, led 
the investigators to conclude that the X chromosome has a predominant role in 
pre-meiotic stages of mammalian spermatogenesis. Interestingly, many of the pro- 
tein products of these genes were found to have a role in transcriptional or post- 
transcriptional regulation of gene expression. In addition, human homologues of 
6 of the 9 novel mouse X chromosome genes were identified and mapped to chro- 
mosomal regions of known conserved synteny between mouse and human 
genomes (Table 10.3). Thus, similar to genes on the Y chromosome, it is possible 
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Table 10.4. Clinical studies of X-linked genes in male infertility 


Human gene Study patients Mutations detected Clinical phenotype Reference 


SOX3 56 3 nucleotide Oligozoospermia Raverot et al. (2004) 
substitutions, 
no mutations 

FATE 144 4 polymorphisms Random, Olesen et al. (2003) 


2 mutations (1.4%) infertile men 


that these X chromosome genes may also prove to be sites of mutation in human 
spermatogenic failure. 


10.3.3 Clinical studies of human X-linked genes and infertility 


Few studies have examined mutations in X-linked genes in male infertility patients 
(Table 10.4). In a study of 56 infertile men with low or no sperm counts, Raverot 
et al. observed mutations in the SOX3 gene (sex-determining region Y box 3) 
(Raverot et al., 2004). The mouse homolog of this gene is found in the developing 
gonad and brain and, when disrupted, causes hypogonadism with loss of germ 
cells. Mutations in the human fetal and adult testis-expressed (FATE) gene (Xp28) 
have also been studied in infertile men (Olesen et al., 2003). This gene encodes 
a polypeptide of 21 kDa that is not related to any known proteins. The FATE 
message is testis specific in fetal life soon after sex-determination and is 
co-expressed with SRY in the 7-week-old testis. Among 144 random chosen infer- 
tile men and 100 proven fertile men, a study of the FATE gene revealed 6 nucleotide 
substitutions, 4 of which were not amino acid altering, and 2 mutations. Each 
mutation was found only once in the experimental group, and neither was found 
in the controls. Neither affected patient had a karyotype abnormality nor a Y chro- 
mosome microdeletion. However, in one affected patient, a maternal uncle also 
carried the mutation and was fertile. The authors concluded that FATE gene muta- 
tions may be contributory but not necessarily common or important causes of 
male infertility. 

There is also speculation that the ZFX gene in humans, a zinc finger protein 
located on the X chromosome that appears to be a transcriptional activator, may 
function in sex differentiation or spermatogenesis (Mardon and Page, 1989). To 
study this hypothesis, Luoh et al. used a reverse genetic strategy, mutagenized the 
mouse homolog ZFX and noted organismal effects that might suggest a role of this 
gene in reproductive development or function (Luoh et al., 1997). The ZFX mutant 
had an impressive decrease in primordial germ cell number during the embryonic 
period before testicular differentiation. After birth, the mutant mice were smaller, 
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had smaller testes and epididymides, and had sperm counts reduced by one half 
compared to wild type mice. 


10.3.4 Why does the X chromosome have a role in male fertility? 

It is interesting that, at least in mice, a disproportionate number of male-specific 
genes are located on the X chromosome. Two theories have been offered to explain 
this phenomenon: meiotic drive and sexually antagonistic genes (Wang et al., 2001). 
Compared to the autosomes, the sex chromosomes are thought to be more suscep- 
tible to meiotic drive, in which there is preferential transmission of certain alleles to 
gametes and offspring rather than its homolog, in contradiction with Mendelian 
patterns. This process could skew transmission of X over Y chromosomes, perhaps 
driven by X-linked genes critical for spermatogenesis. Alternatively, the theory of 
sexually antagonistic genes, often invoked to explain why the Y chromosome is 
laden with spermatogenesis genes, could also be used to account for an abundance 
of X chromosome genes. Sexually antagonistic genes might enhance the reproduc- 
tive strength in one sex and diminish it in the other and there is reason to believe 
that such genes might accumulate on the gonosomes. If recessive mutations existed 
that enhanced male reproductive fitness, they would be much more likely to have 
immediate benefit for males if located on the X chromosome rather than an auto- 
some, thus increasing the chance that the allele would permeate the population. 
Once permeated, female ‘fitness’ might decrease and adaptive pressures would serve 
to limit the gene expression to males, thus augmenting the number of critical sper- 
matogenesis genes on the X chromosomes (Wang et al., 2001). 

This scenario gets even more complicated when we consider that spermatogen- 
esis genes also exist on autosomes. One theory presupposes that autosomal fertil- 
ity genes arose as ‘retrogenes’ transposed from the X chromosome (Wang, 2004). 
Silencing of the X chromosome during male meiosis could have created a driving 
force for the shift of X-linked genes to autosomes to preserve expression of critical 
housekeeping genes required for developing germ cells during meiosis. 
Interestingly, it appears that many such ‘retrogenes, that lack introns in contrast 
with their progenitors, originated from X-linked progenitor genes and are specifi- 
cally expressed in the testis (Wang, 2004). The evolution of autosomal, testis- 
specific retrogenes, by the compensation hypothesis, can be viewed as important in 
that they compensate for the transcriptionally silenced X chromosome genes that 
participate in spermatogenesis. Corroborating this hypothesis, several retrogenes 
have recently been identified that are autosomally located, testis-specific, with an 
origin from intron-containing X chromosome progenitor genes. The X-derived 
retrogene juvenile spermatogonial depletion (Jsd) is an excellent example of this 
phenomenon. This gene causes spermatogonial depletion in mice, which follows a 
single postnatal wave of spermatogenesis. The homolog retrogene in humans has 
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been identified and is expressed only in the testis (Rohozinski and Bishop 2004). 
Both as ‘rescue’ genes that explain the widely variable phenotype observed in men 
with AZF deletions, or primary effectors of currently unexplained genetic infertil- 
ity, X-derived retrogenes are likely important for normal human spermatogenesis. 


10.4 Syndromes involving the sex chromosomes 


Many well-established clinical syndromes involve abnormalities of the X or Y 
chromosome, generally taking the form of aneuploidy. The clinical phenotypes 
associated with the most common syndromes are described here. 


10.4.1 Klinefelter syndrome (incidence 1 : 500) 


This disorder is the most common genetic cause of azoospermia, accounting for 
14% of cases. It is classically associated with a triad of findings: small, firm testes, 
azoospermia and gynecomastia. Other features of the syndrome are increased 
height, decreased intelligence, varicosities, obesity, diabetes, leukemia, increased 
likelihood of extragonadal germ cell tumors and breast cancer (20 X higher than 
normal). Most affected individuals, however, do not exhibit the classic clinical phe- 
notype. This is an abnormality of chromosomal number in which 90% of men 
carry an extra X chromosome (47 XXY) and 10% are mosaic with a combination 
of XXY/XY chromosomes. It is thought that approximately half of XXY cases are 
paternally derived and recent evidence suggests that its occurrence may correlate 
with advanced paternal age (Lowe et al., 2001). Testis biopsies show sclerosis and 
hyalinization. Hormonal evaluation usually demonstrates a low testosterone and 
frankly elevated luteinizing hormone (LH) and follicle stimulating hormone 
(FSH). Natural paternity with this syndrome is possible, but almost exclusively 
with the mosaic (milder) form of the disease. Biological paternity in cases of non- 
mosaic XXY males is now possible using ICSI with sperm retrieval rates ranging 
from 27% to 45% in such cases (Denschlag et al., 2004; Palermo et al., 1998). 

Interestingly, despite an abnormal somatic genotype, 80—100% of mature sperm 
from 47, XXY patients harbor a normal haploid sex chromosome complement (X 
or Y) (Shi and Martin, 2000, 2001; Blanco et al., 2001; Bergere et al., 2002). The lack 
of significant gonosomal aneuploidy in the presence of somatic aneuploidy sug- 
gests that abnormal germ cell lines may arrest at a meiotic checkpoint within the 
testis or that somatic-germ line mosaicism is more common than previously 
thought. Recent investigation into autosomal recombination events in Klinefelter 
testes that contain pachytene spermatocytes did not reveal any variation from nor- 
mal fertile controls, suggesting that this quality control meiotic pathway remains 
intact in Klinefelter patients (Gonsalves et al., 2005). However, sex chromosomal 
recombination events have not yet been assessed in these patients. 
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10.4.2 XYY syndrome (1 : 1000) 


An XYY chromosomal constitution can also result in infertility. Typically, men 
with 47, XYY are tall, may show decreased intelligence, could have a higher risk of 
leukemia, and may exhibit aggressive, often anti-social behavior (Palanduz et al., 
1998; Walzer and Gerald, 1975). Hormone evaluation reveals an elevated FSH and 
normal testosterone and LH. Semen analyses show either severe oligozoospermia 
or azoospermia. In azoospermic men, testis biopsies demonstrate maturation 
arrest or Sertoli cell-only syndrome. 

Studies that have focused on the chromosomal complements in mature sperm 
from XYY men show findings similar to Klinefelter patients: very few sperm 
(<1%) harbor sex chromosomal disomy (YY, XX, XY) (Han et al., 1994; Shi and 
Martin 2000; Wang et al., 2000). This supports the hypothesis that the extra Y 
chromosome is eliminated at meiotic checkpoints during spermatogenesis. 


10.4.3 Kallman syndrome (1 : 30,000) 


Idiopathic hypogonadotropic hypogonadism (IHH) or Kallman syndrome is char- 
acterized by hypogonadism. Most patients experience a delay in puberty although 
those with less severe defects may present with only infertility. Other findings 
include anosmia, small testes and occasionally renal agenesis, bimanual synkinesia, 
cleft lip and dental agenesis. When anosmia is not present, the condition is termed 
IHH. Testicular biopsies display a wide range of findings from germ cell aplasia to 
focal areas of complete spermatogenesis (Patrizio and Broomfield, 1999). The con- 
dition is inherited as a familial disorder in one-third of cases. Both X-linked and 
autosomal inheritance patterns have been described (Bhasin et al., 1998; Layman 
et al., 1998). In the X-linked recessive form, deletions occur in Kalig-1 (kallman- 
interval 1 or KAL1), a gene responsible for the migration of gonadotropin releasing 
hormone (GnRH) neurons to the pre-optic area of the hypothalamus during devel- 
opment (Bick et al., 1992). The KALI gene shares homology with other cell adhe- 
sion and axonal pathfinding molecules, further supporting the notion that a 
molecular defect in the gene causes the neuronal migration defect. The KAL protein 
is a secreted, diffusible molecule that easily incorporates into the extracellular 
matrix and is termed anosmin-1. Once incorporated into the extracellular matrix of 
the olfactory bulb, the KAL protein might promote the migration and target recog- 
nition of olfactory axons. As a consequence of mutations in this gene, there is fail- 
ure of testicular stimulation by the anterior pituitary and hypothalamus and thus 
testis failure. Mutations in other genes have also been associated with the develop- 
ment of IHH including double-dose associated sex-reversal (DAX1) on the X chro- 
mosome (associated with congenital adrenal hyperplasia) (Guo et al., 1995), the 
GnRH receptor (Layman et al., 1998) and phosphatidylcholine (PC1) (associated 
with diabetes and obesity) (Jackson et al., 1997). In addition to the X-linked form, 
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Table 10.5. Recognized forms of Kallman syndrome 


Descriptor Inheritance Gene identified 
KALI X-linked KALIG-1 (Xp22.3) 
KAL2 Autosomal dominant FGFR1 (8p11-12) 
KAL3 Autosomal recessive None 


autosomal dominant (KAL2) and recessive (KAL3) transmission of Kallman syn- 
drome has also been reported (Dode et al., 2003; Oliveira et al., 2001) (Table 10.5). 

Phenotypically, Kallman patients with documented KALI mutations have apul- 
satile LH secretion, indicating complete lack of neuronal migration. In contrast, 
men with autosomal inheritance are more variably affected, generally with weak- 
ened but present LHRH-induced LH pulses. Although mental or intellectual dis- 
turbance was described in the original report of Kallman syndrome, more current 
analyses show that Kallman syndrome patients with mental disorders have large 
deletions on Xp that extend well beyond the KALI locus. Infertility can be treated 
with gonadotropin (LH and FSH) replacement over 12—18 months, which stimu- 
lates spermatogenesis and the presence of sperm in the ejaculate in 80% of men 
(Buchter et al., 1998). The clinical diagnosis of Kallman syndrome is confirmed by 
blood tests revealing a low total testosterone associated with low LH and low FSH 
levels in combination with normal prolactin. 


10.4.4 XX male syndrome (1 : 20,000) 


This structural and numerical chromosomal condition presents as either a male 
with gynecomastia at puberty or with azoospermia (Schweikert et al., 1982). 
Typically, there are normal male external and internal genitalia. Hormone evalua- 
tion reveals elevated FSH and LH and low or normal testosterone. Testis biopsy 
demonstrates an absence of spermatogenesis with hyalinization, fibrosis and 
clumps of Leydig cells. The most obvious explanation for the disease is that SRY is 
translocated from the Y to the X chromosome so that testis differentiation is pres- 
ent. However, the AZF regions on the Y chromosome are not similarly trans- 
located, resulting in azoospermia. This mechanism has been suggested because of 
the high degree of homology (98.7%) that exists between the short arm of the 
X and Y chromosomes (van der Auwera et al., 1992). 


10.4.5 Mixed gonadal dysgenesis (rare) 


This heterogeneous condition is characterized by male or females with a unilateral 
testis on one side and a streak gonad on the opposite side. Genotypically, patients 
are usually 46, XY/45, X/46, XY, both of which are associated with impaired 
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gonadal development. Interestingly, mutations in the SRY gene have not been 
detected in most patients (80% have normal SRY), suggesting that the gonadal dys- 
genesis may be due to cytogenetic mosaicism or to mutations in testis-organizing 
genes downstream from SRY. Suspect genes include the upstream Wilms tumor 
suppressor gene (WTI) and the downstream DAX1 gene. Another gene may 
include the testatin gene (20p11.2), a putative cathepsin inhibitor that is expressed 
very early in testis development, just after SRY expression. Affected patients may 
present with ambiguous external genitalia, but the vast majority will have intra- 
abdominal testes. Scrotal testes may be associated with inguinal hernias and almost 
uniformly reveal seminiferous tubules with Sertoli cells only and normal Leydig 
cells (Wegner et al., 1994). The dysgenetic gonad is predisposed to malignant 
degeneration (25% incidence) to gonadoblastoma or dysgerminoma, typically 
before puberty. 


10.4.6 SRY Gene Defects (rare) 


Located on the short arm of the Y chromosome (Yp11.3) is the SRY gene, impor- 
tant for determining ‘maleness’ (Berta et al., 1990). Both 46XX SRY (+) males and 
46XY SRY (—) females have been described in the literature and constitute a rare 
form of phenotypic sex reversal (Jager et al., 1990; Mittwoch 1992). The SRY gene 
encodes a protein that harbors a high-mobility group box (HMG) sequence, a 
highly conserved DNA-binding motif that helps kink DNA (Sinclair et al., 1990). 
This DNA-bending effect may alter the ability of target genes to be transcribed. 

Interestingly, SRY mutations are not always detected in 46, XY phenotypic 
females, suggesting that genes other than SRY and in locations other than on the Y 

chromosome are important for complete male gonadal differentiation. Indeed, a 
locus termed dosage sensitive sex reversal (DSS) has been identified on Xp21 that 
may contain a Wolffian inhibitory gene to suppress male differentiation. Within 
this locus it is known that the ‘anti-testis gene’ DAX1 (Xp21.3—p21.1), a member of 
the nuclear hormone receptor family, can alter SRY activity during development by 
suppressing downstream genes that induce testis differentiation (Fig. 10.2). DAX1 
over-expression may account for some X-linked cases of 46, XY female phenotype 
because of direct inhibition of SRY activity, or indirectly through affecting the abil- 
ity of SRY to upregulate SOX9 and anti-Mullerian hormone (AMH) gene expres- 
sion (Yu et al., 1998). Another gene, largely confined to the adult ovary, may serve 
as an anti-testis gene during male development. A wingless-type MMTV integration 
site 4 (WNT4) (1p34) deletion has been associated with XY female sex reversal in a 
patient with 1p31-35 duplication (Hughes, 2002). In the male, SRY defects are 
generally detected by cytogenetic analysis showing a shortened or absent Y chro- 
mosome. Analysis with fluorescence in situ hybridization (FISH) can locate the 
SRY gene within the existing chromosomal complement. With mutations or 
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Figure 10.2 Putative genes involved with male sex differentiation 


translocations of SRY, genes on Yq that control spermatogenesis are also usually 
affected resulting in infertility. 


10.4.7 Androgen receptor gene mutations (1 : 60,000) 


In this condition, the androgen receptor (AR) is absent or functionally altered such 
that testosterone or its more bioactive derivative, dihydrotestosterone, cannot acti- 
vate target genes. Thus, androgens have little to no effect on tissues; as such the 
development of both internal and external genitalia are affected. Depending on 
the severity of the AR defect, serum testosterone levels can be low, normal or high. 
The androgen balance in each individual depends on the functional integrity of AR 
within the pituitary and hypothalamus. The clinical picture of infertility is also 
variable (nomenclature includes Reifenstein, Lub and Rosewater syndromes) and 
ranges from apparent females with testes (complete androgen insensitivity) to nor- 
mal but infertile males (Shkolny et al., 1999). 

Over 300 distinct (mainly point) mutations and have been found in the AR, a 
large steroid receptor gene on the X chromosome (Xq11-—q12) (Bhasin et al., 1998). 
Given the widely variable phenotype and numerous mutations noted in the AR 
gene, it has been proposed that as many as 40% of men with low or no sperm 
counts may have subtle AR abnormalities as an underlying cause (Aiman et al., 
1979). It is not clear whether the infertility in the milder forms of this disorder is 
truly treatable despite a case report of success with exogenous testosterone supple- 
mentation (Yong et al., 1994). 


10.4.8 Kennedy disease (rare) 


This disorder, also termed spinal and bulbar muscular atrophy, is a debilitating, 
neurodegenerative condition that begins by age 30 and consists of muscle cramp- 
ing and atrophy as well as testicular atrophy. The genetic basis for the disease is not 
exactly a mutation but a variation in the length of the AR gene in a specific region 
(transcriptional activation domain) that results in decreased androgen-binding 
ability. The AR gene on Xq has eight exons and it is clear that a critical region of 
CAG-nucleotide repeats, usually 15-30 in number, exists in exon 1. Elongation of 


274 


Shai Shefi and Paul J. Turek 


the number of CAG repeats in this region to more than 50 generally results in clin- 
ically apparent disease (Kupker et al., 1999). The clinical infertility resembles that 
due to mild androgen insensitivity and may include gynecomastia in addition to 
testis atrophy. Interestingly, some affected patients may have only mild oligo- 
zoospermia and as such may be able to conceive naturally or with ICSI. Men, fer- 
tile at an early age, may actually experience a significant reduction in their sperm 
counts with advancing age and disease progression. Importantly, affected couples 
should be counseled about the phenomenon of genetic ‘anticipation’ that occurs 
with this disorder, in which offspring may inherent an even larger number of CAG- 
nucleotide repeats than that of the parent. Clinically, this translates into a more 
severe disease phenotype that is manifest earlier in life. Specialized laboratories 
offer exon 1 CAG-nucleotide repeat analysis of the AR gene. 


10.4.9 Persistent Mullerian duct syndrome (rare) 


This disorder involves altered male sexual differentiation with an abnormal per- 
sistence of Mullerian duct structures. It is a familial X-linked or an autosomal 
dominant condition in which there is absence or impaired action of AMH (AMH, 
Mullerian inhibiting substance, testis-secreted H-Y antigen, maps to 19p13.3) 
during development (Cohen-Haguenauer et al., 1987). This disorder can be caused 
by either: (a) failure of Sertoli cells to elaborate AMH, (b) failure of end-organ 
response to AMH (AMH receptor, mapped to 12q13) or (c) defects in the timing 
of AMH release (Imbeaud et al., 1994, 1995). 

Affected males have normal male external and internal genitalia, but also a 
fully developed uterus and fallopian tubes as a result of incomplete involution 
of Mullerian derivatives. Persistent Mullerian duct syndrome presents clinically 
as a hernia that contains a uterus and fallopian tubes (hernia uteri inguinalis) 
or cryptorchidism. Cryptorchidism may be secondary to the tethering of the testes 
to the Mullerian structure and inhibition of normal descent. During hernia 
repair, all efforts should be made to preserve the integrity of the vas deferens and 
epididymis. The fertility and cancer risk of cryptorchid patients with this syn- 
drome is similar to other cryptorchid individuals. Patients with scrotal testes can 
be fertile. 


10.5 Conclusions 


The human sex chromosomes play a significant role in sex determination and 
reproductive function. Our knowledge of the relationship between Y chromosome 
genetics and various infertility phenotypes is well known and advancing rapidly. 
However, equally impressive and promising is discovering the potential that the 
X chromosome has in controlling genetic male infertility. 
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Epigenetics refers to non-sequence based mechanisms that control gene expression 
and has been described as the next ‘frontier’ in genetics. This chapter focuses on 
DNA methylation, one of the best-characterized DNA modifications associated 
with the modulation of gene activity. In humans, DNA methylation abnormalities 
have been linked to infertility, imprinting disorders in children and cancer. Recent 
studies have suggested that assisted reproductive technologies (ARTs) may be asso- 
ciated with an increased incidence of epigenetic defects in children and it is unclear 
whether the etiology is related to infertility with an underlying epigenetic cause or 
the specific techniques used. Gametes may be particularly vulnerable to epigenetic 
defects since genome-wide epigenetic methylation patterns are first initiated in the 
male and female germ lines; the acquisition of gametic methylation patterns is 
subsequently essential for normal embryonic development. Here, recent progress 
in our understanding of when and how methylation patterns are established in the 
male germ line, as well as the enzymes involved in this process, will be discussed. 
We will also review the factors involved in modulating DNA methylation and the 
disorders associated with DNA methylation abnormalities in the germ line. Although 
we will emphasize human studies where they exist, mouse studies will be included 
since much of our understanding of DNA methylation pattern establishment and 
propagation comes from studies done in mice. 


11.1 Epigenetics and gene expression 
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Epigenetic alterations lead to heritable changes in gene expression without altering 
the underlying DNA sequence. To date three main mechanisms, RNA-associated 
silencing, histone modifications and DNA methylation, have been associated with 
epigenetic silencing of gene expression. Recent advances made in our understand- 
ing of the relationships between these systems have illustrated how they interact 
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and stabilize each other, emphasizing how disrupting one or more of these 
interacting systems could lead to inappropriate expression or silencing of genes, 
resulting in ‘epigenetic diseases. Imprinting diseases, molar pregnancies and 
childhood cancers are some of the human disorders associated with epigenetic 
abnormalities. 

Post-translational modification of histone tails, including acetylation, phosphory- 
lation and methylation of specific amino acid residues, are associated with changes 
in transcriptional competence (Geiman and Robertson, 2002; Rice and Allis, 2001). 
Heterochromatic silencing is also mediated by antisense transcripts, non-coding 
RNAs and RNA interference (Lippman and Martienssen, 2004; Panning and 
Jaenisch, 1998; Rougeulle and Heard, 2002). Links between histone modifications 
and DNA methylation have been established in mammals (Lehnertz et al., 2003) 
and more recently, between DNA methylation and RNA interference in human 
cells (Kawasaki and Taira, 2004; Morris et al., 2004). Conservation of epigenetic 
mechanisms across higher eukaryotes, including humans, suggests they act in con- 
cert to regulate higher order chromatin and, ultimately, genome integrity (Grewal 
and Moazed, 2003). 

The best-characterized modification of DNA associated with modulation of 
gene expression is methylation of cytosine residues by DNA methyltransferases 
(DNMTs); it takes place at approximately 30 million CpG sites throughout the 
genome following DNA replication and is both reversible and heritable (Bestor 
and Tycko, 1996). Unmethylated CpGs are found in CpG islands, short sequences 
relatively rich in G + C (>55%) and associated with the promoter region of genes 
(Goll and Bestor, 2004). DNA methylation is commonly associated with transcrip- 
tional repression as well as genome organization and stabilization, and more 
specifically with a number of specialized biochemical processes, such as allele- 
specific gene expression (genomic imprinting), X-chromosome inactivation and 
heritable transcriptional silencing of parasitic sequence elements (Goll and Bestor, 
2004). Several mechanisms are associated with the regulation of gene expression 
through DNA methylation. Accessibility of target sequences can be directly blocked 
by cytosine methylation, preventing binding of transcription regulatory factors. 
Gene expression can also be repressed through several methyl-CpG-binding pro- 
teins that recognize and ‘read’ methylation patterns. For instance, transcription can 
be repressed in a methylation-dependent manner via formation of a complex 
between the methyl-binding protein MeCP2, histone deacetylases (HDACs) and a 
co-repressor protein, Sin3a (Jones et al., 1998; Nan et al., 1998). MBD2, another 
methyl-CpG-binding protein, forms a complex with NuRD, a multi-subunit com- 
plex containing an ATP-dependent chromatin-remodeling protein, Mi-2, and 
HDACs (Wade et al., 1999; Zhang et al., 1999); the MBD2—NuRD complex, formerly 
known as MeCP1, represses transcription and remodels methylated chromatin 
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with high efficiency (Feng and Zhang, 2001; Ng et al., 1999). Finally, DNMTs have 
also been shown to directly interact with HDACs and are able to repress transcrip- 
tion through this association (reviewed by Burgers et al., 2002). 

Genomic methylation patterns are initially acquired during gametogenesis in a 
sex- and sequence-specific manner and are further consolidated following birth 
(Bestor, 2000; Reik et al., 2001). Early studies identified the sperm genome as being 
more highly methylated than that of the oocyte (Monk et al., 1987; Sanford et al., 
1987); more recent work has begun to determine the precise mechanisms govern- 
ing differential methylation of the paternal and maternal genomes. The most 
striking modulations in methylation are observed for imprinted genes and repeti- 
tive sequence elements (Bestor, 2000; Reik et al., 2001). Imprinted genes are 
expressed exclusively from one of the parental alleles and DNA methylation is the 
best-studied epigenetic mark known to distinguish the maternal and paternal 
alleles. In many cases, imprinted genes have been shown to contain sequences that 
are differentially methylated between gametes, with the two parental alleles showing 
different levels of methylation constrained within an area called a differentially 
methylated domain (DMD) (Spahn and Barlow, 2003; Tycko and Morison, 2002). 
Stable propagation of DNA methylation patterns after DNA replication ensures 
maintenance of monoallelic gene expression throughout life. The majority of 
CpGs in the genome are found in repetitive DNA sequences such as endogenous 
retroviruses (like intracisternal A particles or IAPs), long interspersed nuclear ele- 
ments (LINEs) and satellite sequences (O’Neill et al., 1998; Smit, 1996; Viegas- 
Pequignot and Dutrillaux, 1976; Xu et al., 1999; Yoder et al., 1997). It has been 
proposed that retrotransposons are maintained in a predominantly methylated 
state to prevent their random retrotransposition and protect the integrity of the 
genome. 

Over the last decade, technical progress has permitted a more precise assessment 
of the developmental timing of methylation pattern acquisition in the germ line 
and the embryo. Purified populations of prenatal germ cells can be isolated by 
means of germ cell surface or green fluorescent protein (GFP) markers (Davis et al., 
2000; Hajkova et al., 2002; Lane et al., 2003; Szabo et al., 2002; Yamazaki et al., 2003). 
Several techniques (reviewed in Oakeley, 1999; Shiraishi et al., 2002) are available 
to assess DNA methylation at an overall genomic level (e.g. thin layer chromatog- 
raphy or 5-methyl cytosine antibody staining), at CpG islands (e.g. restriction 
landmark genomic scanning), or at specific sequences (e.g. methylation-sensitive 
restriction enzyme digestion followed by Southern blotting or polymerase chain 
reaction, PCR). A significant advance has been the introduction of bisulfite genomic 
sequencing, a sensitive method for the detection of methylated cytosine residues in 
any gene, in small numbers of cells and on individual maternal and paternal alleles 
(Clark et al., 1994; Frommer et al., 1992). 
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11.2 Genomic methylation reprogramming in the germ line: 
dynamics and timing 


Figure 11.1 


Experimental evidence in mice suggests that genomic methylation patterns inher- 
ited from the parental gametes are erased upon entry into the reproductive cycle, 
reestablished in immature germ cells according to their fate as either male or 
female gametes and further consolidated and maintained during early embryonic 
development, giving rise to methylation profiles that will be preserved throughout 
adulthood (Fig. 11.1, Color plate 9). 
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Methylation dynamics during germ cell and preimplantation embryo development 

(A) Methylation dynamics of maternal (red) and paternal (blue) genomes. During 
gametogenesis, non-imprinted genes acquire their methylation similarly to imprinted 
genes, however, after fertilization, both the maternal and paternal genomes become 
demethylated while imprinted genes retain their methylation status, as shown by the 
paler red and blue lines. Some repeat sequences (dark gray) appear to escape complete 
demethylation during gametogenesis and retain a high proportion of their initial 
methylation marking during preimplantation development. Methylation levels are not to 
scale. (B) Progression of genomic methylation pattern acquisition during male germ cell 
development, as represented by the intensity of the blue shading. De novo and 
maintenance methylation events are indicated under the appropriate germ cell types. 
PGC: primordial germ cell; G: gonocyte; Spg: spermatogonia; PL: preleptotene; L/Z: 
leptotene/zygotene; P: pachytene; D: diplotene; RS: round spermatid; ES: elongating 
spermatid; Sp: sperm; MI—MII: meiosis I-II. Model based on mouse data and adapted 
from Lucifero et al. (2004b) (see Color plate 9) 
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11.2.1 Mouse studies 


11.2.1.1 Erasure of methylation patterns in the germ line 


Founding cells of the germ line, the primordial germ cells (PGCs), are thought to 
carry full complements of parental methylation profiles when they begin migrat- 
ing towards the genital ridge. Upon their entry into the genital ridge, around 10.5 
days of gestation, they undergo extensive genome-wide demethylation. Early stud- 
ies employing methylation-sensitive restriction enzymes and Southern blot and 
PCR approaches indicated that PGCs have completely demethylated genomes by 
13.5 days of gestation (Brandeis et al., 1993; Chaillet et al., 1991; Kafri et al., 1992; 
Monk et al., 1987). Recent work done using bisulfite sequencing to examine the 
methylation status of imprinted genes and repetitive sequences has helped better 
define the timing and sequence specificity of these early epigenetic events in PGCs. 
A number of imprinted genes, including Peg3, Kcnqlotl1 (also known as Lit1), Snrpn, 
H19, Rasgrfl and Gtl2, as well as non-imprinted genes such as a@-actin, were shown 
to become demethylated between 10.5 and 13.5 days of gestation (Hajkova et al., 2002; 
Li et al., 2004). However, certain sequences (at least some repetitive elements) 
appear to be treated differently: IAP, LINE-1 and minor satellite sequences are only 
subject to partial demethylation, whereas most imprinted and single-copy genes 
become demethylated (Hajkova et al., 2002; Lane et al., 2003; Lees-Murdock et al., 
2003; Szabo et al., 2002). 

Assessing the expression of imprinted genes has also been used by investigators 
to ascertain the state of epigenetic reprogramming of germ cells. Monoallelic 
expression would be expected prior to erasure of epigenetic marks on imprinted 
genes in PGCs, while biallelic expression would be an indication of ongoing or 
complete erasure of these marks. Using this approach, Szabo and colleagues (2002) 
found monoallelic expression of the four imprinted genes examined, including 
H19 and Snrpn, in PGCs at 9.5 days of gestation. In contrast, Surpn was biallelically 
expressed at day 10.5 as were the other genes examined by day 11.5. Consistent 
with the DNA methylation data this expression study points to the time of entry 
into the genital ridge as the period when demethylation of imprinted genes takes 
place in PGCs. Another approach used to examine epigenetic reprogramming in 
the early germ line has been analysis of embryos derived from somatic cell nuclear 
transfer (SCNT) using PGC nuclei (Lee et al., 2002; Yamazaki et al., 2003). Although 
no viable offspring were obtained when PGC nuclei were used for cloning experi- 
ments, careful examination of these embryos indicated that methylation imprints 
were being erased between 10.5 and 12.5 days of gestation (Lee et al., 2002; Yamazaki 
et al., 2003). 

Overall, it appears that rapid and possibly active genome-wide erasure of methy- 
lation patterns takes place between 10.5-12.5 days of gestation, leaving PGCs of 
both sexes in an equivalent epigenetic state by embryonic day 13.5 (Hajkova et al., 
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2002; Kato et al., 1999; Lee et al., 2002; Li et al., 2004; Szabo and Mann, 1995; Szabo 
et al., 2002). 


11.2.1.2 Differential timing of methylation pattern acquisition between germ lines 

Following demethylation in PGCs, male and female gametes acquire sex- and 
sequence-specific genomic methylation patterns (Reik et al., 2001). For non- 
imprinted genes and repeat sequences, DNA methylation can be assessed directly. 
For imprinted genes, determination of DNA methylation status and assessment of 
mono- or biallelic expression of the genes of interest in the resulting embryos are 
used. Nuclear transplantation and cloning experiments using germ cell nuclei at dif- 
ferent stages have also been used to study the timing of acquisition of methylation on 
imprinted genes by assessing postimplantation embryos for monoallelic expression 
of the genes of interest (Bao et al., 2000; Obata and Kono; 2002; Obata et al., 1998). 

The timing of acquisition of methylation patterns differs greatly between the 
two germ lines. In the male, techniques like Southern blotting and bisulfite genomic 
sequencing have shown that acquisition of DNA methylation patterns begins before 
birth, in prospermatogonia, and is completed for most of the sequences after birth, 
before the end of the pachytene phase of meiosis (Davis et al., 1999, 2000; Kafri 
et al., 1992; Lees-Murdock et al., 2003; Li et al., 2004; Ueda et al., 2000; Walsh et al., 
1998). Initial acquisition of methylation occurs between 15.5 and 18.5 days of ges- 
tation; at this time germ cells begin to stain positively with an antibody directed 
against methylated cytosine, indicating increases in overall genomic methylation 
(Coffigny et al., 1999). H19, a maternally expressed gene that becomes methylated 
in the male germ line (and remains unmethylated in oocytes) has been extensively 
characterized (Bartolomei et al., 1991, 1993; Davis et al., 1999; Ferguson-Smith 
etal., 1993; Tremblay et al., 1995; Ueda et al., 2000). A DMD spanning a 2 kb region 
roughly 2-4 kb from the transcription start site of the gene begins to acquire its 
methylation between days 15.5 and 18.5 of gestation in prenatal male germ cells; 
methylation is completed postnatally by pachynema, persisting in sperm (Davis 
et al., 1999, 2000; Ueda et al., 2000). Additional experiments demonstrated that the 
paternal alleles of H19 become methylated prior to the maternally inherited alleles 
in male germ cells, suggesting that paternal alleles may ‘remember’ their origin as 
methylated alleles (Davis et al., 1999, 2000). 

Two additional imprinted genes in the mouse, Gtl2 (Takada et al., 2002) and 
Rasgrfl (Yoon et al., 2002), have also been reported to be methylated on the pater- 
nally inherited allele. Their respective DMDs become progressively methylated 
between 12.5 and 17.5 days of gestation, but not to the extent seen in mature sperm 
(i.e. fully methylated), suggesting ongoing postnatal de novo methylation as seen 
for H19 (Li et al., 2004). Other types of sequences are also known to become 
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methylated in prospermatogonia: repetitive DNA elements such as LINE-1, IAP 
and minor satellite sequences are fully methylated by 17.5 days of gestation (Lees- 
Murdock et al., 2003; Walsh et al., 1998). Further proof that male germ cells have 
completely acquired their methylation prior to the haploid phase of spermatogen- 
esis comes from studies using intracytoplasmic round spermatid and sperm injec- 
tions (Shamanski et al., 1999); expression of imprinted genes is similar in embryos 
derived from round spermatids as compared to embryos derived from epididymal 
spermatozoa. 

In contrast to the male, female germ cells only begin to acquire their gametic 
DNA methylation postnatally, following the pachytene phase of meiosis (Brandeis 
et al., 1993; Chaillet et al., 1991; Kono et al., 1996; Lucifero et al., 2002, 2004a; 
Obata and Kono, 2002; Stoger et al., 1993; Ueda et al., 1992; Walsh et al., 1998). 
DNA methylation analysis of imprinted genes and nuclear transplantation studies 
have both pointed to the oocyte growth phase as the time when functional 
imprints are acquired in the female (Bao et al., 2000; Lucifero et al., 2002, 2004a; 
Obata and Kono, 2002). 


11.2.1.3 DNA methylation and testis-specific gene expression 


That DNA methylation could be an important mechanism for the regulation of 
tissue-specific gene expression was proposed a number of years ago (Holliday and 
Pugh, 1975; Riggs, 1975). The role of DNA methylation in the regulation of testis- 
specific gene expression has been the subject of a number of studies. In examples 
of early mouse studies, genes including transition protein 1, phosphoglycerate 
kinase-2, apolipoprotein Al, Oct-3/4 and lactate dehydrogenase C, were methy- 
lated in non-expressing tissues and became demethylated at some CpG sites prior 
to their expression in the testis (Ariel et al., 1994; Bonny and Goldberg, 1995; Kroft 
et al., 2001; Trasler et al., 1990). For a few testis-specific genes, increases in methy- 
lation precede expression. For example, a few CpG sites in the coding region of 
mouse protamine | and the 5’ upstream region of mouse protamine 2, increases in 
methylation in meiotic prophase prior to expression in spermatids (Choi et al., 
1997; Trasler et al., 1990). More recently, careful developmental time-course stud- 
ies using bisulfite genomic sequencing on isolated germ cells have shown that a 
decrease in the methylation of the promoter region of phosphoglycerate kinase-2 
is one of the earliest events, taking place before changes in chromatin structure, 
DNase I hypersensitivity, tissue-specific binding of factors to the enhancer region 
and transcriptional activation in meiotic male germ cells (Geyer et al., 2004). Interest- 
ingly, phosphoglycerate kinase-2 is remethylated during transit through the epi- 
didymis; it is currently the only gene whose methylation status has been examined 
for change between testicular and cauda epididymal sperm (Geyer et al., 2004). The 
purpose of a remethylation event occurring in the epididymis is unclear at present 
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since most DNA methylation patterns (except those at imprinted genes and retro- 
transposons) are removed from the paternal genome shortly after fertilization. 
Although more epididymal DNA methylation studies need to be done on other 
genes, it has been postulated that non-specific genome-wide alterations in DNA 
methylation might occur in the epididymis to prepare the sperm genome for post- 
fertilization and early developmental epigenetic events (Geyer et al., 2004). 

Although there are a number of examples of testis-specific genes that show a 
correlation between hypomethylation and germ cell expression, it is presently 
unresolved whether the alterations in DNA methylation associated with germ cell- 
specific expression of genes are a cause or consequence of expression or events 
(other than DNA methylation) leading to expression (for review see MacLean and 
Wilkinson, 2005). The same issue has arisen and has been discussed with respect to 
the role of DNA methylation in time- or cell-specific expression in other organs 
(Goll and Bestor, 2004). 


11.2.1.4 Maintenance of DNA methylation patterns in early embryos 


A second genome-wide demethylation occurs in the early embryo. Marks established 
on imprinted genes and some repeat sequences must be faithfully maintained during 
preimplantation development at a time when the methylation of non-imprinted 
sequences is lost (Fig. 11.1). The male pronucleus faces a rapid, presumably active 
demethylation process within about 4h of fertilization (Mayer et al., 2000; Oswald 
et al., 2000; Santos et al., 2002), while the maternal genome becomes demethylated 
more slowly, presumably through a passive process whereby maintenance methyla- 
tion does not take place following cell division (Howlett and Reik, 1991; Rougier 
et al., 1998). Preservation of methylation at imprinted loci during the wave of 
preimplantation demethylation is postulated to be important for subsequent 
postimplantation embryo development, allowing for appropriate allele-specific, 
monoallelic expression of genes required for embryonic development (Hanel and 
Wevrick, 2001; Olek and Walter, 1997; Reik and Walter, 2001; Tremblay et al., 
1997). The overall methylation level of non-imprinted genes reaches a minimum 
at the blastocyst stage of preimplantation development, following which initiation 
of genome-wide de novo methylation takes place, coincident with the time of the 
first differentiation event after the fifth cell cycle (Santos and Dean, 2004). 


11.2.2 Human studies 


11.2.2.1 Erasure, establishment and maintenance of genomic methylation 


Indirect evidence concerning the timing of DNA methylation pattern erasure in 
human PGCs has been acquired through studies on embryonic germ (EG) cell 
lines. While embryonic stem (ES) cells are derived from the inner cell mass of 
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blastocyst-stage embryos, EG cells are derived from PGCs from the developing 
gonadal ridges of human fetuses. Monoallelic expression of H19, SNRPN, IGF2 
and TSSC5, as well as the methylation status of H19 were found to be normal in 
differentiated EG lines derived from 5-, 6- and 11-week-old human fetuses (Onyango 
et al., 2002). More studies need to be done, however, these results appear to con- 
trast with the situation seen in the mouse, where methylation patterns are erased 
upon entry into the gonadal ridge, suggesting that the timing of epigenetic reset- 
ting differs between human and mouse. On the contrary, a number of studies 
support conservation of various key aspects of the dynamics of methylation acqui- 
sition and maintenance between mouse and human, even if little information is 
available on the methylation status of imprinted genes during gametogenesis 
or embryogenesis in humans. For instance, the paternally inherited methylation 
imprint on H19 is conserved in both human and mouse sperm (Hamatani et al., 
2001; Kerjean et al., 2000; Marques et al., 2004). The H19 DMD is unmethylated in 
human fetal gonocytes while a methylated imprint is acquired and maintained in 
adult spermatogonia and other stages of male germ cell development, including 
mature sperm (Kerjean et al., 2000). Jinno and colleagues (1996) have also observed 
conservation of the paternal methylation imprint on H19 in preimplantation 
embryos as has been reported in the mouse. An initial study conducted on a small 
number of human oocytes suggested that the methylation imprint at the 
SNUREF-SNRPN locus is absent in fully grown human oocytes and that this 
imprint must be acquired during or following fertilization in humans (El Maarri 
et al., 2001). However, in keeping with the mouse data, another study performed 
on oocytes at different developmental stages found SNRPN to be methylated in 
human oocytes, an imprint being present by the germinal vesicle stage and main- 
tained in metaphase I and II oocytes (Geuns et al., 2003). Certainly, a stable parental 
allele-specific mark must be established before the four-cell stage as monoallelic 
expression of SNRPN is initiated in four-cell human embryos (Huntriss et al., 1998). 

With regard to the role for DNA methylation in the control of testis-specific 
gene expression, to our knowledge, there have been no studies examining possible 
links between abnormalities in DNA methylation of testis-specific genes and infer- 
tility in humans. 


mammalian DNMTs 


A number of different enzymes have been postulated to be involved in either 
erasing or establishing distinguishable epigenetic marks, including DNA demethy- 
lases and histone-modifying enzymes, but to date, DNMTs remain the best- 
characterized group of enzymes involved in epigenetic programming. Methylation 
of cytosine residues involves the transfer of a methyl group donated by the cofactor 
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S-adenosylmethionine (SAM) to the 5’-carbon of the cytosine pyrimidine ring to 
create 5-methylcytosine, a reaction catalyzed by DNMTs. In mammals, three fam- 
ilies of DNMTs have been described and are classified according to similarities 
found in their C-terminal catalytic domains (Goll and Bestor, 2004). The predom- 
inant mammalian DNMT is DNMT1, although four other enzymes, including 
DNMT72 (Yoder and Bestor, 1998), DNMT3a, DNMT3b (Okano et al., 1998) and 
more recently DNMT3L (DNA methyltransferase 3-like) (Aapola et al., 2001; 
Bourchis et al., 2001), have been characterized. Of these, only DNMT1, DNMT3a 
and DNMT3b are thought to be capable of methylating DNA in vivo; nonetheless, 
recent reports suggest that DNMT2 might have residual methylation activity 
(Hermann et al., 2003). 

Three types of enzymatic activities are required to erase, establish and perpetu- 
ate DNA methylation patterns: demethylation, de novo methylation and mainte- 
nance methylation (Fig. 11.2). Demethylation can occur passively if methylation is 
not maintained at the time of replication, or it can come about actively by some as 
yet unidentified mechanism in vivo. The methylation states of early germ cells and 
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Schematic representation of de novo and maintenance methylation events. Two types of 
methylation activity are required in cells. (A) De novo methylation refers to the addition of 
methyl groups by DNMTs on an unmethylated substrate; this occurs mainly within CpG 
dinucleotides (i.e. the 3’ carbon atom of the cytosine is linked by a phosphodiester bond 
to the 5’ carbon atom of the guanine - left inset). (B) Following DNA replication, DNMTs 
performing maintenance methylation are responsible for adding methyl groups to the 
newly synthesized daughter strands at positions opposite to the methyl groups present on 
the parent strand, ensuring stable transmission of DNA methylation patterns following 

cell division 
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preimplantation stage embryos are established by DNMTs with de novo methyl- 
transferase activity, whereas differentiated cells present very little propensity to 
de novo methylation (Lei et al., 1996). DNMTs with maintenance activity are required 
to ensure the accurate propagation of DNA methylation patterns at the time of cell 
division by faithfully copying the methylation status of the mother strand onto the 
daughter strand after replication. 

All of the known mammalian DNMTs share similarities in their C-terminal cat- 
alytic domain, characterized by the 10 conserved amino acid motifs implicated in 
their catalytic function (reviewed by Bestor, 2000; Goll and Bestor, 2004; Hermann et 
al., 2004). In addition, DNMT1, DNMT3a and DNMT3b contain large N-terminal 
regulatory domains (Fig. 11.3, Color plate 10). The mammalian DNMTs show little 
evidence of specificity for selected DNA sequences and thus how and why certain 
sequences become methylated has been a longstanding question in the field (for 
review, see Goll and Bestor, 2004). An equally important question is what prevents 
certain sequences from becoming methylated at different times. Recent results 
suggest that methylation of DNA at specific sites is the result of multiple inputs 
including the presence of repeat sequence elements in the DNA, interactions between 
RNA and DNA and histone modifications; precisely how these different mechanisms 
interact in germ cells to target specific sequences for methylation is unknown and an 
important area for future studies. Mouse gene-targeting studies have been particu- 
larly useful in shedding light on the biological functions of the different DNMTs. In 
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the following section, current knowledge on the DNMTs from mouse, bovine and 
human studies will be reviewed, including their expression in germ cells and early 
embryos, as well as the reproductive consequences of their disruption. 


11.4 DNMT1 


11.4.1 Mouse studies 


The first identified and perhaps best-characterized mammalian DNMT, DNMT1, 
was purified and cloned from mouse cells in the late 1980s (Bestor et al., 1988); 
to date, it remains the sole DNA methylating enzyme to have been identified by 
means of biochemical purification. Earlier studies showed DNMTI1 to prefer 
hemimethylated DNA (Bestor, 1992; Yoder et al., 1997), which caused it to be 
assigned a function in maintenance methylation. Although its activity on unmethy- 
lated DNA substrates is greater than that of DNMT3a and DNMT3b, the postu- 
lated de novo methyltransferases (Okano et al., 1998), it remains unresolved whether 
DNMT! has de novo methylation activity in vivo. 

Expression of the mouse Dnmt1 gene is controlled by the use of sex-specific 
exons and the use of alternative splicing to produce two major protein products, 
DNMTI1 and DNMT1o, as well as an untranslated transcript, Dnmt1p (Mertineit 
et al., 1998). The full-length somatic form originally characterized by Bestor and 
colleagues, DNMT1, is produced from exon 1s (Bestor et al., 1988). Initiation of 
transcription through exon lo results in a degradation-resistant form of DNMT1 
only expressed in mouse oocytes (Carlson et al., 1992; Mertineit et al., 1998). This 
oocyte-specific form, DNMT 1o, lacks the first 118 amino acids of the N-terminus 
of the somatic form and accumulates at very high levels in non-cycling oocytes and 
preimplantation embryos. In fact, DNMT 1o is the only form of DNMT1 detected 
in oocytes following birth, coincident with their entry into the growth phase 
(Howell et al., 2001; Mertineit et al., 1998; Ratnam et al., 2002). A tissue-dependent 
DMD (T-DMD) has recently been found in the region 5’ of exon lo, but not in 
that of exons 1s/1p; the T-DMD is completely methylated in all tissues examined 
except for oocytes and early developing embryos (Ko et al., 2005). Production of 
Dnmt1p, a non-translated mRNA transcript only expressed in pachytene sperma- 
tocytes, is initiated from exon lp (Mertineit et al., 1998; Trasler et al., 1992). 
Monitoring of the translational status of this transcript as well as sequence analy- 
ses show that production of active DNMT1 is highly improbable and expression of 
this transcript correlates with the fall in DNMT1 content in maturing pachytene 
spermatocytes (Mertineit et al., 1998; Trasler et al., 1992). 

DNMT1 is the major methyltransferase in all somatic tissues, but levels of 
Dnmt1 mRNA are higher in the testis and the ovary than in any other adult tissue 
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(Trasler et al., 1992). More so, DNMT1 expression is tightly regulated throughout 
both spermatogenesis and oogenesis (Benoit and Trasler, 1994; Howell et al., 2001; 
Jue et al., 1995a; La Salle et al., 2004; Mertineit et al., 1998; Ratnam et al., 2002; 
Sakai et al., 2001; Trasler et al., 1992) and there are striking germ line-specific dif- 
ferences in DNMTI1 expression pre- and perinatally (La Salle et al., 2004). In the 
male, DNMT1 is clearly lacking in late prenatal gonocytes (days 15.5—18.5 in the 
mouse), the developmental time when methylation patterns are initially laid down, 
indicating that another DNMT must be responsible for de novo methylation at this 
time (La Salle et al., 2004; Sakai et al., 2001). In neonatal testes, expression of 
DNMT1 is first associated with resumption of mitosis in proliferating spermato- 
gonia, where it can be found throughout the nucleoplasm (Jue et al., 1995a; La 
Salle et al., 2004). Entry into meiosis coincides with the formation of DNMT1 
nuclear foci only detected in leptotene/zygotene spermatocytes, after which point 
the presence of DNMT1 gradually decreases to become completely absent at 
pachynema (Jue et al., 1995a; Mertineit et al., 1998). As mentioned previously, 
downregulation of DNMT1 protein is linked to the expression of Dnmtlp tran- 
script in pachytene spermatocytes (Jue et al., 1995a; Mertineit et al., 1998; Trasler 
et al., 1992). DNMT1 is predicted to play a role in maintaining DNA methylation 
patterns in the germ line; whether it plays other functional roles not directly linked 
to its DNMT activity, such as in early meiotic cells, is currently unknown. 

The importance of DNA methylation in embryonic development was first 
demonstrated by gene targeting of Dnmt1 (Li et al., 1992). Homozygous targeted 
partial (Dnmt”” and Dnmt**) and complete (Dnmt“) loss-of-function mutations 
in Dnmtl cause growth retardation and mid-gestational lethality; the Dnmt“ mice 
display only ~5% of wild-type DNA methylation levels (Lei et al., 1996; Li et al., 
1992). In addition, biallelic expression of imprinted genes (Li et al., 1993), ectopic 
X-chromosome inactivation (Panning and Jaenisch, 1996), reactivation of nor- 
mally silent IAP sequences (Walsh et al., 1998) and increased levels of apoptosis 
(Li et al., 1992) are all induced by Dnmt1 deficiency in embryos. Based on the high 
levels of DNMT1 in the testis and evidence of tight regulation during male germ 
cell development, one could predict that Dnmt1 inactivation would also affect 
spermatogenesis; because targeted disruption of Dnmt1 is embryonic lethal, germ 
cell-specific inactivation of Dnmt1 or knock-down approaches will be required to 
determine the precise role(s) of DNMT1 in male germ cells. 


11.4.2 Expression of DNMT1 in the reproductive system of humans and other species 


The DNMTI1 gene is conserved across deuterostomes (see Table 11.1 for mouse/ 
human sequence homologies; reviewed by Goll and Bestor, 2004). The use of alter- 
native first exons to encode for distinct protein products most likely evolved after the 
divergence of mammals and amphibians but before the split between marsupials 
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and eutherian mammals (Ding et al., 2003). Dnmtlo transcripts are detected in 
opossum (Ding et al., 2003) and human oocytes (Hayward et al., 2003; Huntriss 
et al., 2004), but are undetectable in bovine oocytes (Golding and Westhusin, 2003). 
However, there is very little information available on the expression of DNMTI in 
the testis of non-murine species. Jue and colleagues (1995b) demonstrated that 
Dnmt1 is also developmentally expressed in rat testes as it is in the mouse, but did 
not detect the presence of Dnmtlp in this model. There are also indications of 
DNMTI expression in human testis, as reported in the human transcriptome pro- 
ject (GEO profiles, NCBI). Some studies have identified a novel transcript variant 
of DNMT1 that incorporates 48 nucleotides between exons 4 and 5 via alternative 
splicing (Hsu et al., 1999). This variant, named DNMT 1b, was demonstrated to be 
a functional DNMT expressed in many human cell lines but only at —2—5% of the 
levels of DNMT1 (Bonfils et al., 2000). It remains to be determined whether 
DNMT Ib is expressed in the testis. To date, mutation of the human DNMTI gene 
has not been associated with any common human disorders; mutations have only 
been reported in very rare incidences of colorectal cancers where a one-base dele- 
tion results in deletion of the whole catalytic domain (Kanai et al., 2003). 


11.5 DNMT3a and DNMT3b 


The mammalian genome encodes two functional cytosine methyltransferases of 
the DNMT3 family, DNMT3a and DNMT3b, which are more closely related to 
multispecies DNMTs than to DNMT1 or DNMT2 (Bestor, 2000; Goll and Bestor, 
2004). They are postulated to function primarily as de novo methyltransferases, 
without any sequence specificity beyond CpG dinucleotides (Okano et al., 1998). 
DNMT3a and DNMT3b are encoded by two different essential genes and are 
highly expressed in undifferentiated ES cells but their expression is downregulated 
upon differentiation (Okano et al., 1998, 1999); genetic evidence indicates that the 
functions of DNMT3a and DNMT3b are distinct (Okano et al., 1999). 


11.5.1 Mouse studies 


Organization of the Dnmt3a and Dnmt3b genes is complex, as is the regulation of 
their expression (Chen et al., 2002; Ishida et al., 2003; Okano et al., 1998; 
Weisenberger et al., 2002). Originally, several tissue-specific transcripts of Dnmt3a 
were identified by northern blot analysis (Okano et al., 1998), pointing to the pos- 
sible existence of more than one protein product. It was later determined by Chen 
and colleagues (2002) that two distinct proteins originate from the Dnmt3a gene, 
DNMT3a and DNMT3a2. DNMT3a is the full-length protein initially character- 
ized and shown to possess de novo methylation activity (Okano et al., 1998), while 
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DNMT3a2 is encoded by a transcript initiating from a downstream intronic pro- 
moter and is a shorter protein product lacking the first 219 N-terminal amino 
acids residues of DNMT3a (Chen et al., 2002). Although their cytosine methyl- 
transferase activity is very similar in vitro, they display different subcellular local- 
ization patterns suggesting that while DNMT3a associates with heterochromatin, 
DNMT3a?2 associates with euchromatin (Chen et al., 2002). 

Several different transcripts of the Dnmt3b gene, resulting from alternative splic- 
ing of exons 11, 22 and/or 23, have also been reported (Aoki et al., 2001; Chen et al., 
2002; Okano et al., 1998; Weisenberger et al., 2004). In all, there are potentially eight 
different splicing variants, each producing a slightly different protein product. Only 
DNMT3b1 and DNMT3b2 are capable of methylating DNA and are presumably 
both de novo methyltransferases, whereas DNMT3b3 appears unable of transferring 
methyl groups, despite its ability to bind DNA (Aoki et al., 2001; Okano et al., 1998; 
Weisenberger et al., 2004). The other isoforms are most likely inactive, as they lack 
some of the conserved motifs conferring catalytic activity, but their specific roles 
remain elusive (Chen et al., 2002; Weisenberger et al., 2004); some have been postu- 
lated to act as negative regulators of DNA methylation (Saito et al., 2002). 

Dnmt3a and Dnmt3b are highly expressed in undifferentiated ES cells and, to a 
lesser extent, in a range of adult tissues (Okano et al., 1998). They are also expressed 
in a stage- and cell-specific manner during embryogenesis, possibly reflecting dis- 
tinct functions during embryonic development (Okano et al., 1998, 1999; Watanabe 
et al., 2002). As seen for Dnmtl, striking sex-specific differences in the expression 
of these genes are also observed during gametogenesis, the most remarkable mod- 
ulations detected in the male germ line (La Salle et al., 2004). Dnmt3a is very highly 
expressed in prenatal testes, whereas Dnmt3b expression is minimal; however, a 
spike in expression is observed for Dnmt3b shortly after birth, whereas expression 
of Dnmt3a is sustained to similar levels as seen before birth. Levels of both tran- 
scripts gradually decrease as testis development takes place (La Salle et al., 2004). 
Immunostaining studies indicate that DNMT3a2 is present in the nuclei of prena- 
tal gonocytes at the time when methylation patterns are initially laid down in the 
male, whereas DNMT3a expression is restricted to the nuclei of Sertoli cells and 
surrounding tissues at all stages examined (Sakai et al., 2004); postnatal expression 
of DNMT3a has also been detected but appears to be restricted to type B sper- 
matogonia (Watanabe et al., 2004). DNMT3b is expressed at low levels in prenatal 
gonocytes (Sakai et al., 2004) and expressed at higher levels specifically in type A 
spermatogonia after birth (Watanabe et al., 2004). Certain transcript variants of 
Dnmt3b have been reported to be expressed in the testis (Chen et al., 2002; 
Watanabe et al., 2004), but their specific nature or role is still unclear. As for Dnmt1, 
detailed developmental studies are needed to fully understand these enzymes in 
the context of male germ cell development. 
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Some of the key functions of DNMT3a and DNMT3b have been identified 
by gene-targeting experiments. DNMT3a-deficient mice survive to term but are 
underdeveloped, die 3—4 weeks after birth and have impaired spermatogenesis; 
their global methylation levels appear normal (Okano et al., 1999). Inactivation 
of Dnmt3b has more deleterious consequences, resulting in a more severe, mid- 
gestation embryonic lethal phenotype with demethylation of minor satellite 
repeats (Okano et al., 1999). Combination of DNMT3a and DNMT3b deficiencies 
act synergistically, where embryos fail to develop past gastrulation and show global 
demethylation of their genomes (Okano et al., 1999). Conditional inactivation of 
Dnmt3a in germ cells has revealed the crucial role it plays in establishing de novo 
methylation patterns in male germ cells, more specifically at paternally imprinted 
loci (Kaneda et al., 2004). Deletion of the Dnmt3a gene in male germ cells causes 
demethylation of the DMDs of H19 and Gtl2—DIk1 but does not affect the methy- 
lation of Rasgrfl (Kaneda et al., 2004). Whether the demethylation defect is 
restricted to the DMDs of imprinted genes or affects other regions of the genome 
is still unknown. Germ cell-specific inactivation of Dnmt3b does not produce any 
apparent phenotype; viable offspring are produced from these Dnmt3b condi- 
tional mutants and the methylation status of all analyzed sequences is not per- 
turbed (Kaneda et al., 2004). Based on the high levels of Dnmt3b transcripts 
detected in the testis (La Salle et al., 2004), one would expect a more severe pheno- 
type following germ cell-specific inactivation of this gene. 


11.5.2 DNMT3A and DNMT3B in the reproductive system of humans and other species 


The human equivalents of the mouse Dnmt3 genes, DNMT3A and DNMT3B, are 
highly homologous to their murine counterparts (see Table 11.1 for mouse/human 
sequence homologies; Xie et al., 1999), showing the same type of genomic organi- 
zation as well as expressing similar transcript variants (Chen et al., 2002; Weisenberger 
et al., 2002; Xie et al., 1999). DNMT3A is ubiquitously expressed, being detected in 
a variety of tissues, whereas lower levels of DNMT3B transcripts are detected in 
these same tissues; both genes are expressed in the ovary and the testis (Xie et al., 
1999). Work done on human oocytes has shown that DNMT3A and at least two 
splicing variants of DNMT3B are developmentally expressed during the oocyte 
growth phase, in addition to showing that at least four transcript variants of 
DNMT3B are expressed in human testis (Huntriss et al., 2004). Golding and 
Westhusin (2003) have also shown DNMT3A and DNMT3B to be expressed in 
bovine fetal and adult testis and ovary. 

To date, DNMT3B is currently the only DNMT shown to be mutated and result 
in a human disease. Various mutations in DNMT3B cause a human autosomal 
recessive genetic disorder characterized by immunodeficiency, centromeric insta- 
bility and facial anomalies known as ICF syndrome (Xu et al., 1999). Cytogenetic 
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abnormalities affecting predominantly the pericentric regions of chromosomes 1, 
9 and 16 are observed in ICF patients; these regions contain a type of satellite DNA 
that is normally methylated but is almost completely demethylated in the DNA 
of ICF patients (Jeanpierre et al., 1993). Demethylation of CpG islands on the 
inactive X has also been reported in ICF patients (Kondo et al., 2000). None of 
the patients reported are homozygous for null alleles of DNMT3B, suggesting 
that complete loss of function of DNMT3B is lethal, as is seen in the mouse 
model (Okano et al., 1999). A specialized role in methylation of certain repeated 
sequences and CpG islands on the inactive X chromosome can thus be ascribed 
to DNMT3B. Effects on fertility have not been reported in patients with ICF 
syndrome. 


11.6 DNMT3L 


DNMT3L is related to DNMT3a and DNMT3b in both N- and C-terminal 
domains but lacks some of the key amino acid residues conferring catalytic activ- 
ity (Fig. 11.3; Aapola et al., 2000, 2001; Bourc’his et al., 2001; Hata et al., 2002). 
DNMT3L does not possess methyltransferase activity, but genetic studies have 
demonstrated its importance for the establishment of a subset of methylation pat- 
terns in both male and female germ cells (Bourchis et al., 2001; Hata et al., 2002; 
Webster et al., 2005). In vitro and in vivo studies suggest that DNMT3L interacts 
with DNMT3a and/or DNMT3b to stimulate their methyltransferase activity, 
implying that DNMT3L could by a cofactor to both proteins and a stimulator of 
de novo methylation (Chedin et al., 2002; Hata et al., 2002; Margot et al., 2003; 
Suetake et al., 2004). 


11.6.1 Mouse studies 


The mouse Dnmt3L gene was identified in silico based on its homology with 
Dnmt3a and Dnmt3b (Aapola et al., 2001). Recent studies have described the pro- 
moter region of Dnmt3L, characterized by a TATA-less and CpG-rich minimal 
promoter (Aapola et al., 2004). This genomic organization is reminiscent of the 
human DNMT3A and DNMT3B genes, which were shown to contain several pro- 
moters that are either CpG-rich or CpG-poor and typically lacking TATA consen- 
sus sequences (Yanagisawa et al., 2002). Methylation analysis of the Dnmt3L 
promoter region showed that in a highly expressing tissue such as the testis, all 
CpG sites studied are fully unmethylated (Aapola et al., 2004). 

Like other DNMT family members, Dnmt3L is highly expressed in ES cells, but 
its expression becomes restricted to a few tissues upon differentiation, namely the 
chorion of E7.5 and E8.5 embryos and the gonads (Aapola et al., 2001; Bourc’his 
et al., 2001; Hata et al., 2002). Reciprocal expression patterns are observed in the 
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male and female germ lines; testicular levels of Dnmt3L are highest before birth 
and then decrease dramatically after birth, whereas in the female they are lowest in 
the prenatal stages of ovarian development and then increase drastically in the 
postnatal period (La Salle et al., 2004). In both germ lines, peak expression corre- 
lates with the window of acquisition of methylation patterns (La Salle et al., 2004) 
and DNMT3L protein is only detected in germ cells (Bourc’his et al., 2001; Hata 
et al., 2002; Webster et al., 2005). Activity of a reporter gene controlled by the endo- 
genous Dnmt3L promoter suggests DNMT3L is only present in pre- and perinatal 
prospermatogonia and that expression of DNMT3L in spermatogonia is for the 
most part extinguished by 6 days post partum (Bourc’his et al., 2001; Bourc’his 
and Bestor, 2004; Webster et al., 2005). Using a similar approach, Hata and col- 
leagues (2002) also detected DNMT3L in differentiating spermatocytes of new- 
born and adult mice. Immunostaining studies will prove decisive in determining 
the exact endogenous expression and localization of DNMT3L in male germ cells. 

The central role played by Dnmt3L in reproduction was clearly demonstrated 
by gene-targeting studies. While homozygous Dnmt3L null mice are viable, both 
males and females are sterile (Bourc’his et al., 2001; Hata et al., 2002). Homozygous 
oocytes can be fertilized but the resulting heterozygous progeny die at mid- 
gestation, showing demethylation of DMDs of maternally methylated imprinted 
genes and corresponding biallelic expression of normally paternally expressed 
imprinted genes (Bourchis et al., 2001; Hata et al., 2002). The reproductive impact 
of DNMT3L deficiency is different in males, as they suffer from hypogonadism 
and are azoospermic (Bourc'his et al., 2001; Hata et al., 2002; Webster et al., 2005). 
Seminiferous cords appear normal at 1 week of age postnatally but there are few 
differentiated spermatocytes in the testes of Dnmt3L-deficient mice by 4 weeks 
(Hata et al., 2002; Webster et al., 2005). Targeting of the Dnmt3L gene causes par- 
tial demethylation of the H19 and Rasgrfl DMDs (Bourc’his and Bestor, 2004; 
Webster et al., 2005), while it clearly prevents methylation of both LINE-1 and IAP 
elements, leading to their massive transcription in spermatogonia and spermato- 
cytes (Bourchis and Bestor, 2004). While DNMT3L is dispensable for female 
meiosis, abnormal synapsis accompanies DNMT3L deficiency in the male, trigger- 
ing an apoptotic checkpoint that prevents spermatocytes from progressing to 
pachynema (Bourc’his and Bestor, 2004). 


11.6.2 DNMT3L in the reproductive system of humans 


The human DNMT3L gene was initially characterized before its murine homolog 
(see Table 11.1 for mouse/human sequence homologies) and its expression was 
detected in testis, ovary and thymus (Aapola et al., 2000). Recent studies have 
reported the expression of DNMT3L in preimplantation embryos but failed to 
detect it in developing human oocytes (Huntriss et al., 2004), suggesting that the 
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mechanism of imprint acquisition might be different between mouse and human. 
Although expression of DNMT3L is highest in the testis, expression profiling stud- 
ies in human male germ cells at different steps in their development are clearly 
lacking. 


11.7 Germ line epigenetic inheritance: regulation and dysregulation 


11.7.1 Mechanisms of epigenetic inheritance in genomic imprinting 


The functional non-equivalence of the maternal and paternal genomes is under- 
scored by the failure of uniparental embryos to develop normally, confirming the 
requirement of both parental genomes for normal development (reviewed by Reik 
and Walter, 2001). As previously mentioned, genomic imprinting regulates the 
expression of a subset of mammalian genes by restricting their expression to one of 
the parental alleles. Differential epigenetic marking of the parental alleles takes 
place during gametogenesis or in the first few divisions after fertilization; differen- 
tial DNA methylation and chromatin structure, for example, histone modifications 
and hypersensitivity sites, and asynchronous replication timing are common features 
of the maternally and paternally inherited alleles of imprinted genes (reviewed by 
Bartolomei and Tilghman, 1997; Reik and Walter, 2001; Reik et al., 2001). Extensive 
studies have unveiled some of the characteristic features shared by a subset of 
imprinted genes, namely genomic clustering, regulation by antisense transcripts 
and the presence of repeat elements near or within their differentially methylated 
domain (DMD). The clustering of imprinted genes into large imprinted domains 
raises the possibility that a common imprinting mechanism may regulate an entire 
imprinted area, allowing coordinated regulation of genes in a given chromosomal 
region. Supporting this concept is the discovery that cis-acting imprinting control 
elements or imprinting centers (IC) have been found in some clusters and shown 
to have an impact on genes many kilobases away (Spahn and Barlow, 2003). 


11.7.1.1 The H79 subdomain: a model for paternally inherited imprinting marks 


A well-characterized imprinted cluster is found on human chromosome 11p15.5, 
spanning a region of 1 Mbase separated into two independent imprinting subdo- 
mains, the H19 subdomain and the KCNQIOT1 subdomain (reviewed by Verona 
et al., 2003); mouse distal chromosome 7 shows conserved genomic organization 
and imprinting of this cluster. The H19 subdomain includes the H19, IGF2 and 
INS genes; H19 encodes a non-translated RNA with exclusive maternal expression 
while IGF2 is reciprocally imprinted and paternally expressed. Both the mouse and 
human H19 genes exhibit paternal-specific methylation of a region located 2 kb 
upstream of the H19 promoter known as the DMD or the imprinting control 
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Imprinting regulation at the H19 subdomain. On the maternal alleles, binding of the 
insulator protein CTCF to the unmethylated DMD (black box) prevents access of /gf2 
(white box) to downstream enhancer elements, allowing for maternal expression of H19 
(gray box). However, paternal-specific methylation (filled circles) of the DMD prevents 
binding of CTCF, silencing H19 and allowing expression of /gf2. Black arrows indicate 
transcriptional activity of a given gene. Adapted from Verona et al. (2003) 


region (ICR), and this DMD is thought to harbor the imprinting mark that dis- 
tinguishes the parental alleles of H19 (Bartolomei et al., 1991; Frevel et al., 1999; 
Tremblay et al., 1995, 1997). In the mouse, studies suggest the H19 DMD acts as a 
methylation-sensitive insulator element in regulating the imprinting of Igf2 by 
blocking promoter—enhancer interactions through binding of the methylation- 
sensitive insulator factor CTCF (Bell and Felsenfeld, 2000; Hark et al., 2000; 
Kanduri et al., 2000). Together, these data have led to the elaboration of the fol- 
lowing model to account for reciprocal imprinting of H19 and Igf2 (Fig. 11.4): on 
the maternal allele, binding of CTCF to the unmethylated DMD insulates the Igf2 
promoter from enhancer elements situated 3’ of H19, allowing H19 exclusive access 
to these elements and ensuring maternal expression of H19. On the paternal allele, 
methylation of the DMD prevents binding of CTCF and formation of an insulator, 
resulting in paternal expression of Igf2 by allowing access to downstream enhancers. 
Another imprinted cluster on human chromosome 14 and mouse chromosome 12 
is reminiscent of this arrangement; the paternally expressed gene DIk is flanked by 
a maternally expressed gene Gtl2, which is a non-coding RNA, and these genes 
contain DMDs that are reciprocally imprinted (Schmidt et al., 2000; Takada et al., 
2000; Wylie et al., 2000). The factors that regulate the establishment of parental 
imprints at these loci remain to be identified. 


11.7.2 Sex chromosome inactivation during spermatogenesis 


The process of spermatogenesis in mammals is a complex series of events leading 
to the formation of haploid cells starting from diploid precursors. Going through 
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meiosis requires the pairing of homologous autosomal chromosomes, while the 
X- and Y-chromosomes pair only at their pseudoautosomal regions to form the sex 
(or XY) body (reviewed by Handel, 2004). Several genes on the X chromosome are 
subject to transcriptional repression during meiosis, beginning at pachytene with 
reactivation by the spermatid stage (McCarrey et al., 1992, 2002); RNA polymerase 
II is excluded from the XY body at pachynema (Ayoub et al., 1997; Fernandez- 
Capetillo et al., 2003). In somatic cells, X inactivation is accompanied by DNA 
methylation. However, DNA methylation does not seem to be involved in tran- 
scriptional repression of genes on the X chromosome during spermatogenesis since 
the promoter region of a number of housekeeping genes on the X chromosome 
remains unmethylated throughout germ cell development in both humans and 
mice (Driscoll and Migeon, 1990; McCarrey et al., 1992). Xist (X-inactive-specific 
transcript gene), which is associated with X inactivation in female cells, is tran- 
siently transcribed in pachytene spermatocytes and repressed again in spermatids 
but it is not essential to normal spermatogenesis and formation of the XY body, 
indicating that another mechanism must be responsible for transient X inactiva- 
tion during spermatogenesis (Marahrens et al., 1997; McCarrey and Dilworth, 
1992; McCarrey et al., 2002; Salido et al., 1992; Turner et al., 2002). 

Recent reports in the literature suggest that histone modifications are involved 
in XY inactivation during spermatogenesis (Peters et al., 2001). Using immuno- 
cytochemistry and in situ DNA hybridization, Khalil and colleagues (2004) 
demonstrated that histones of both the X and Y chromosomes undergo sequential 
modifications (both acetylation and methylation) beginning at the pachytene stage 
and that in spermatids, these modifications are reversed to their status in early 
spermatogenesis. At the pachytene stage, specific lysine residues on histone H4 
become progressively underacetylated, while H3-K9 goes from an acetylated to a 
hypermethylated state. Coincident with enrichment in H3—K9 dimethylation is the 
exclusion of RNA polymerase II from the XY body at the pachytene stage. Some of 
these modifications persist through the first and second meiotic cell divisions, 
indicating that the chromatin of the X and Y chromosome is transcriptionally 
silent even when the chromosomes are physically separated. Together, these data 
provide evidence that some but not all histone modifications reflect the transient 
inactivation of sex chromosomes during spermatogenesis (Khalil et al., 2004). 


11.7.3 Errors in erasure, acquisition or maintenance of DNA methylation patterns 


11.7.3.1 Single-site loss of DNA methylation 


11.7.3.1.1 Imprinting disorders 
Loss of function of a number of imprinted genes has been linked to human genetic 
diseases, progression of certain cancers and has also been implicated in a number 
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of neurological disorders. Some of the most extensively studied disorders involving 
imprinted genes are Prader—Willi syndrome (PWS), Angelman syndrome (AS), 
Beckwith-Wiedemann syndrome (BWS) and Russell—Silver syndrome; the clinical 
features as well as the specific molecular determinants associated with these 
imprinting disorders are reviewed elsewhere (Lucifero et al., 2004b). Diverse molec- 
ular events can lead to phenotypic abnormalities involving imprinted genes 
(reviewed by Jiang et al., 2004). Generally, uniparental disomy can result in over- 
expression or underexpression of imprinted genes implicated in the control of fetal 
growth and postnatal development. Another general mechanism involves the dele- 
tion of one or more genes or point mutations affecting a specific locus. Epigenetic 
defects can also give rise to imprinting disorders, in which case a chromosome of 
one parental origin has an abnormal epigenetic status (DNA methylation, chro- 
matin structure and gene expression), often that of the opposite parental origin. 
Mutations or deletions in the IC can be associated with imprinting diseases, and 
this is particularly well characterized in the case of PWS and AS; these genetic 
events can have secondary epigenetic effects resulting in the de novo acquisition of 
epigenetic marks. Finally, imprinting defects can also be epigenetic in origin (gain 
or loss of imprinting at a specific locus) when no identifiable genetic defect is 
observed. Imprinting defects have the potential to arise at any step of epigenetic 
reprogramming and could result from problems with the enzymes responsible for 
erasing, establishing and maintaining imprints. Alternatively, the methylation sta- 
tus or chromatin structure may be affected by epigenetic insults leading to abnor- 
mal imprinted gene expression. 

Of note, loss of imprinting is also involved in the progression of a number of 
cancers (Tycko and Morison, 2002). Tumors that show imprinting defects include 
Wilm’s tumor, where loss of function of the maternal allele leading to the suppres- 
sion of H19 and biallelic expression of IGF2 appears to be involved. Some 
imprinted genes act as tumor suppressor genes, the best characterized being IGF2R 
and WTI; in the case of imprinted tumor suppressor genes, inactivation of only 
one allele is required to cause loss of function, compared to non-imprinted tumor 
suppressor genes where loss of function requires mutation of both alleles. 


11.7.3.1.2 Male germ cell culture and assisted reproductive technologies: 

cause for concern 

Epigenetic marks, in particular DNA methylation patterns, tend to be unstable and 
amenable to modification by culture conditions and cellular manipulations. A 
number of animal studies have examined how different types of media or the addi- 
tion of serum to culture media affect the methylation status and expression of 
imprinted genes of cultured preimplantation embryos (Doherty et al., 2000; Khosla 
et al., 2001); significant DNA methylation perturbations were found in both cases. 
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Introduction of intracytoplasmic sperm injection (ICSI) has greatly improved 
chances to conceive for couples with previous fertilization failures using in vitro 
fertilization (IVF). The success of ICSI with freshly ejaculated spermatozoa has 
been extended to epididymal spermatozoa, and even to elongating and round sper- 
matids (reviewed by Tsai et al., 2000). It is unlikely that ARTs themselves, involving 
the use of haploid gametes, interfere with either erasure or acquisition of genomic 
imprints, as both processes appear to be complete by the spermatid phase of 
spermatogenesis. 

Nonetheless, there is cause for concern when abnormal or more immature gametes 
are used in ARTs to overcome male infertility. In mice, multiple approaches have 
been developed to overcome spermatogenic arrest, including injection of second- 
ary and primary spermatocyte nuclei into oocytes (Kimura and Yanagimachi, 
1995; Kimura et al., 1998; Sasagawa et al., 1998). Upon electrical activation of the 
oocyte, oocyte and spermatocyte chromosomes complete meiosis (producing two 
pronuclei and two polar bodies) and participate in embryogenesis; but it appears 
that mouse primary spermatocyte nuclei complete meiosis with less efficiency 
than secondary spermatocytes. A number of reasons could explain poor embryo 
outcome: suboptimal culture conditions, unsuccessful DNA repair or incomplete 
paternal genomic imprint acquisition. Nevertheless, in vitro culture of spermato- 
cytes has been proposed to overcome spermatogenic arrest in humans (Tesarik 
et al., 1998, 1999) and the first live births using both primary and secondary sper- 
matocytes have been reported respectively in 1999 by Tesarik et al. and 1998 by 
Sofikitis et al. To date, there is only one report linking an imprinting defect to dis- 
ruptive spermatogenesis. Marques et al. (2004) found that 17-30% of moderate to 
severe oligozoospermic (very low sperm counts) patients seeking an infertility 
diagnosis presented defective H19 methylation, with most patients having nor- 
mally methylated and hypomethylated alleles in the same semen sample; all 
patients presented complete erasure of the maternally methylated gene MEST. 
Since maternal imprints appear to be properly erased, abnormal genomic imprint- 
ing could indicate changes in DNMT activity or DNA methylation modulating 
factors. Recent studies suggest a possible link between the increased incidence of 
imprinting disorders and human ARTs (reviewed by Lucifero et al., 2004b). However, 
it is unclear whether the imprinting disorders are due to underlying infertility 
(i.e. that there exist epigenetic causes for infertility) or the techniques being used. 
Interestingly, a recent study reported an increased prevalence of imprinting defects 
in patients with AS born to subfertile couples; the findings suggest that imprinting 
defects and subfertility may have a common cause (Ludwig et al., 2005). In light of 
the apparent instability of epigenetic marks, studies are required to look for epige- 
netic causes of infertility and examine the effects of culture conditions on sper- 
matogenic cell maturation. These studies should provide an understanding of 
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male germ cell epigenetic plasticity, as well as the safety of procedures used in 
assisted reproduction. 


11.7.3.1.3 Epimutations 

As mentioned previously, epigenetic changes can also play a major role in the 
development of human cancer. For example, a high proportion of patients with 
sporadic colorectal cancers with microsatellite instability display abnormal methy- 
lation and silencing of the gene MLH1 (Kane et al., 1997). Germ line ‘epimutations’ 
in the MLH1 gene have been proposed to predispose individuals carrying aberrant 
methylation patterns to multiple cancers (Gazzoli et al., 2002; Suter et al., 2004). In 
some patients, the epimutation is detected in normal somatic tissues derived from 
the three founding cell lineages (endoderm, buccal mucosa; mesoderm, blood; 
ectoderm, hair follicles), implying that the event occurred in the germ line (Suter 
et al., 2004); more so, spermatozoa display the same promoter-associated methylation 
found in tumors, evidence that the epimutation can be transmitted through the 
germ line (Suter et al., 2004). More examples of epimutations are likely to be reported 
in the future, some of which may be associated with infertility or subfertility. 


11.7.3.2 Global loss of DNA methylation 


11.7.3.2.1 Trophoblastic diseases and molar pregnancies 

Complete hydatidiform moles (CHM) originate from the growth of cells with two 
identical parental genomes. Although most CHM have a uniparental etiology (with 
two paternal genomes), a small number of women have an autosomal recessive 
disorder causing recurrent CHM of biparental origin, in which a global loss of 
imprinting or maternal DNA methylation on imprinted genes has been implicated 
(Judson et al., 2002). In this disorder, most of the imprinted loci spread across the 
maternal genome are unmethylated or acquire a paternal epigenotype, suggesting 
a defect in a trans-acting factor involved in the establishment of epigenetic marks 
at imprinted gene loci in the female germ line. Involvement of the known DNMTs 
seems unlikely since no mutations were detected in any of the human DNMT 
genes (Judson et al., 2002). Moglabey and colleagues (1999) originally mapped a 
maternal locus responsible for biparental CHM to chromosome 19q13.4 but the 
gene coding for the putative factor involved in imprint establishment/maintenance 
has not been identified as of today. Whether a similar condition occurs in the 
human male (i.e. global loss of imprinting in the male germ line) is unknown; such 
a condition would be expected to result in teratomas (the result of two maternal 
genomes). In mice, one condition already mentioned above is similar to a global 
loss of imprinted gene methylation in the male germ line. DNMT3L deficiency in 
the male germ line results in a loss of methylation at some imprinted loci as well as 
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IAP; however, since the mutation is associated with infertility, the outcome in the 
offspring cannot be examined (Bourchis and Bestor, 2004). It would be interesting 
to know if mutations in DNMT3L exist in infertile men. 


11.8 Epigenetic modulators with potential reproductive implications 


11.8.1 Chromatin modification and remodeling factors 


Numerous types of chromatin modifying factors including histone modification 
enzymes have been described and are postulated to be involved in modulating 
transcription, X-chromosome inactivation, genome stability and chromosome 
events during meiosis (Goll and Bestor, 2002; Hendrich and Bickmore, 2001; 
Li, 2002). Chromatin modification and chromatin remodeling are the principal 
mechanisms by which global gene silencing and higher order chromatin structure 
are established and maintained. Discussed here are additional factors with chro- 
matin remodeling or modifying activities that greatly influence genome stability 
and, perhaps, DNA methylation patterning during gametogenesis. 


11.8.1.1 SWI2/SNF2 remodeling proteins 


Lymphoid-specific helicase (LSH) is a member of the SNF2 family of chromatin 
remodelers and is involved in mammalian development and cellular proliferation 
(Geiman et al., 2001; Raabe et al., 2001). More specifically, LSH is required for 
genome-wide methylation, normal histone methylation and formation of het- 
erochromatin (Dennis et al., 2001; Yan et al., 2003). Targeted deletion of Lsh results 
in perinatal lethality with substantial loss of methylation throughout the genome. 
Various sequences are affected by LSH deficiency, including repetitive elements 
such as satellite sequences, LINE-1s and IAPs, as well as single-copy genes, sugges- 
tive of a role for this enzyme in maintenance methylation during development 
(Dennis et al., 2001). Recent studies indicate that LSH is specifically required to 
maintain the methylation status of the imprinted gene CdknIc but not of other 
imprinted genes such as H19 or Igf2r during development, implying that LSH is 
only crucial to the maintenance of imprinting marks at specific loci (Fan et al., 
2005). So far, the only non-lymphoid tissue found to express Lsh at very high 
levels is the adult testis, both in mouse and human (Geiman et al., 1998). 

The a-thalassaemia/mental retardation syndrome, X-linked (ATRX) localizes to 
pericentromeric heterochromatin and to the short arms of human acrocentric 
chromosomes. It contains a PHD-like zinc-finger domain shared by the DNMT3 
family members, and an SNF-like helicase domain, suggesting a role in transcrip- 
tional regulation (McDowell et al., 1999). Mental retardation, facial dysmorphism 
and a-thalassaemia result from mutations in the human ATRX gene. Patients 
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suffering from the ATRX syndrome present with specific changes in the pattern of 
methylation of several highly repeated sequences including hypomethylated rDNAs 
and hypermethylated Y-chromosome repeats (Gibbons et al., 2000). More recently, 
ATRX was shown to be required for proper chromosome alignment and meiotic 
spindle organization in mouse metaphase II oocytes (De La Fuente et al., 2004); it 
is currently unknown if this protein plays a similar role during spermatogenesis. 


11.8.1.2 Histone modification enzymes 


Modifications of histone tails by acetylation, phosphorylation and methylation 
have a fundamental role in gene regulation. Several classes of histone methyltrans- 
ferases have been identified, one of which includes H3-K9 methyltransferases. 
Three members of this class are of particular interest: G9a, Suv39h1 (human 
homolog: SUV39H1) and Suv39h2. These histone methyltransferases appear to 
direct H3-K9 methylation to distinct chromatin domains: G9a targets euchro- 
matin while Suv39h1 and Suv39h2 target heterochromatic regions of the genome 
(Rice et al., 2003). Gene-targeting studies in mice have shown G9a to be essential 
to normal development, G9a-deficient embryos showing a drastic decrease in 
H3-K9 methylation and severe growth retardation leading to embryonic lethality 
(Tachibana et al., 2002). More recently, studies using mouse G9a-deficient ES cells 
have shown that the maintenance of CpG methylation at the PWS IC requires the 
function of G9a (Xin et al., 2003), while X inactivation is properly maintained in 
G9a-deficient embryos (Ohhata et al., 2004). The Suv39h genes display overlapping 
expression profiles during mouse embryonic development, but Suv39h2 expres- 
sion becomes restricted to the testis of adult mice (O’Carroll et al., 2000). Peters 
and colleagues (2001) demonstrated that the Suv39h histone methyltransferases 
regulate H3-K9 methylation of pericentromeric heterochromatin. Combined dis- 
ruption of the Suv39h genes severely impairs viability, induces chromosomal insta- 
bilities and causes sterility in males; spermatogenic failure largely results from 
non-homologous chromosome pairing (Peters et al., 2001). Interestingly, a recent 
report has directly linked Suv39h-associated H3-K9 methylation to DNMT3b- 
dependent DNA methylation at pericentric repeats (Lehnertz et al., 2003). Together, 
these data demonstrate an evolutionarily conserved pathway between H3-K9 
methylation and DNA methylation in mammals. Furthermore, they provide an 
attractive avenue to pursue to explain the role these proteins play during 
spermatogenesis. 


11.8.2 Nutritional and genetic factors: folic acid and the folate pathway 


The folate pathway is central to the production of methionine and to the synthesis 
of purines and pyrimidines, in addition to being integral to the production of 
methyl groups necessary for numerous methylation reactions, including DNA 
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methylation. Briefly, two pathways are linked via methionine synthase: the reduc- 
tion of 5-methyltetrahydrofolate to tetrahydrofolate and the subsequent remethyl- 
ation of homocysteine to methionine. It is the conversion of homocysteine to 
methionine that provides the methyl group required for SAM, the universal methyl 
donor in numerous cellular reactions. One can hypothesize that disruption of one 
part of the folate pathway could alter the balance of SAM levels and perturb 
methylation reactions. Indeed, hypomethylation of DNA is observed when one of 
the folate pathway enzymes is mutated in mice (Chen et al., 2001). 

Few studies to date have characterized the effects of folate pathway enzyme defi- 
ciency on the testis or examined the consequences on DNA methylation pattern 
establishment in the germ line; the systemic effects that deficiency causes are a 
major obstacle in studying the effects on reproduction. One exception is for meth- 
ylenetetrahydrofolate reductase (MTHFR), the enzyme that catalyses the conversion 
of 5, 10-methylenetetrahydrofolate to 5-methyltetrahydrofolate, a methyl donor 
serving in the remethylation of homocysteine to methionine, the precursor of 
SAM (Chen et al., 2001). Inactivation of this enzyme results in reduced levels of 
5-methyltetrahydrofolate, methionine and SAM, as well as decreased DNA methy- 
lation levels (Chen et al., 2001). MTHFR activity is higher in the testis than in any 
other organ of the adult mouse (Chen et al., 2001). Mthfr homozygous null male 
mice have smaller testes, histological evidence of abnormal germ cell development 
and are infertile (Kelly et al., 2005). Interestingly, supplementation with betaine, an 
alternative methyl donor serving in the remethylation of homocysteine to methio- 
nine, benefits both testis histology and fertility (Kelly et al., 2005). Together, these 
data suggest an important role for MTHFR in the testis and encourage further 
investigation. 


11.8.2.1 Transgenerational epigenetic inheritance and early dietary influences 


Phenotypic variation cannot always be accounted for by genetic or environmental 
heterogeneity. Studies on murine models of variable expressivity have suggested 
that this variability could be explained by the stochastic establishment of epige- 
netic modifications, such as DNA methylation (Rakyan et al., 2001). Both the Axin"™ 
(axin-fused) allele and the A!2Py, Al and A” alleles of the agouti locus have been 
subjected to insertion of an IAP retrotransposon; the methylation state of the 
inserted IAP element correlates with the variability of the phenotype (Morgan et al., 
1999; Rakyan et al., 2003; Waterland and Jirtle, 2003). Recent evidence suggests 
that these epigenetic modifications are sometimes transmitted to the next genera- 
tion (reviewed by Rakyan et al., 2001). Transgenerational epigenetic inheritance 
could result from inefficient erasure of the epigenetic state of certain sequences 
(like IAPs) during gametogenesis, resulting in maternal or paternal transmission of 
variable phenotypes (Morgan et al., 1999; Rakyan et al., 2001, 2003). 
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Mammalian one-carbon metabolism, which ultimately provides the methyl 
groups for all methylation reactions, depends on dietary methyl donors and cofac- 
tors. Thus, early nutrition could greatly impact the establishment and the mainte- 
nance of DNA methylation patterns. An initial study conducted by Wolff et al. 
(1998) suggested that maternal methyl-donor supplementation affected the phe- 
notype of the A”/a offspring. Recently, Waterland and Jirtle (2003) confirmed that 
maternal diet containing methyl donors could influence offspring phenotype and 
showed that this effect was mediated via increased A” methylation in the offspring 
of supplemented dams. Further studies are required to determine if other types of 
sequences are epigenetically labile to early nutrition in the mouse. By using animal 
models to better understand the mechanisms underlying epigenetic plasticity dur- 
ing early nutrition, we will be able to identify similar epigenetic targets amenable 
to metabolic imprinting in humans. 


11.8.3 Drugs-targeting epigenetic modifications 


The development of new drugs targeting epigenetic modifications has been moti- 
vated by the fact that many human diseases, including cancers, have an epigenetic 
etiology. Many agents capable of modifying DNA methylation patterns or histone 
modifications are currently being tested in clinical trials (reviewed by Egger et al., 
2004). The cytosine analogs 5-azacytidine and 5-aza-2' deoxycytidine are amongst 
the most commonly used agents to inhibit DNA methylation: they incorporate 
into DNA during replication, but due to the presence of nitrogen at position C5, 
they cannot accept the methyl group and the DNMT enzyme remains bound to 
DNA as a covalent adduct (Gabbara and Bhagwat, 1995). Formation of this adduct 
is thought to cause indirect genomic hypomethylation through decreased activity 
of the DNMTs. In the rat and mouse, disruption of DNA methylation patterns in 
male germ cells using these agents has severe consequences for both germ cells and 
progeny outcome (Doerksen and Trasler, 1996; Doerksen et al., 2000; Kelly et al., 
2003). Decreased sperm counts, decreased fertility, increased preimplantation loss 
and decreased sperm DNA methylation are all consequences of chronic exposure 
to 5-azacytidine and 5-aza-2’ deoxycytidine. A number of agents are also being 
developed to inhibit HDACs in the hope of inducing expression of genes silenced 
by histone deacetylation. Trichostatin-A (TSA), a non-specific HDAC inhibitor, 
induces cell cycle arrest through stimulation of transcription of genes that nega- 
tively regulate cell growth and survival. Chronic exposure of mice to TSA impairs 
spermatogenesis, causing an increase in pachytene—diplotene spermatocyte apopto- 
sis, decreased numbers of spermatids with increasing doses of TSA and decreased 
fertility (Fenic et al., 2004). Although the effects on spermatogenesis appear 
reversible, consequences of long-term exposure to TSA have not been evaluated on 
germ cell and progeny outcome. Recently, there has been renewed interest in using 
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cytosine analogs and HDAC inhibitors to treat certain diseases. As the doses used 
in human clinical trials are similar to the doses used in the mouse studies, one can 
predict that there will be adverse effects of these drugs on human germ cells. 


11.9 Perspectives and outlook 


Epigenetic reprogramming of the genome during gametogenesis and the preim- 
plantation period sets the developmental program for normal embryogenesis. The 
sex-specific functional non-equivalence of the parental genomes (genomic imprint- 
ing) established during gametogenesis emphasizes the importance of epigenetic 
reprogramming during this period and confirms the requirement of both parental 
genomes to normal development. Studies done on highly specialized biological 
processes such as genomic imprinting and X inactivation have begun to unravel how 
epigenetic reprogramming works. Some of the key aspects involve dynamic changes 
in DNA methylation, histone modifications and chromatin remodeling taking 
place in a timely fashion during male and female germ cell development. Many 
DNA- and histone-modifying enzymes as well as chromatin-remodeling factors 
have recently been identified and have contributed to our understanding of the 
mechanisms governing epigenetic reprogramming. Some of the challenges that we 
face during the next decade include understanding how these epigenetic factors 
assemble into regulatory networks, how they are targeted to specific genes or chro- 
mosomal domains, as well as the consequences of perturbations occurring during 
gametogenesis. 


11.9.1 Studies required and implications for research 


More basic research on animal and human gametes and early embryos is clearly 
required to better understand the timing and the mechanisms governing epige- 
netic reprogramming. Most of our current knowledge comes from studies done in 
the mouse, where the methylation status of a number of genes has been examined 
at different times during development. More global approaches looking at the 
methylation profiles of multiple genes simultaneously throughout germ cell and 
embryonic development are still required to fully understand the nature of the 
sequences targeted for methylation as well as the precise timing of the methylation 
events (i.e. erasure, establishment and maintenance) taking place at these different 
sequences. The dynamic changes in histone modifications and chromatin struc- 
ture also need to be explored. As technological advances diminish the number of 
cells required to perform certain assays, techniques like chromatin immunoprecip- 
itation (ChIP) will prove very valuable in identifying the proteins associated with 
methylated DNA, as well as the histone modifications present at these methylated 
loci during gametogenesis and early embryogenesis. 


309 


Epigenetic patterning in male germ cells 


Efforts should be continued to study epigenetic events in human gametes and 
early embryos. A limited number of studies have provided some answers, but these 
studies were conducted on a small number of cells in most cases. Once it becomes 
technologically feasible, complete developmental studies using appropriate num- 
bers of cells would be useful to delineate the epigenetic status of multiple genes and 
determine if the same enzymes identified in mouse are involved in epigenetic 
reprogramming during human gametogenesis and embryogenesis. This approach 
will also impact on our comprehension of human diseases with an epigenetic eti- 
ology and confirm the validity of animal models used to study epigenetics. Studies 
are required to determine whether there is an epigenetic basis for some cases of 
infertility in both males and females. Finally, recent studies suggesting connections 
between human ARTs and epigenetic defects in the offspring indicate that prospec- 
tive studies of children conceived by ART should include monitoring for epigenetic 
abnormalities. More basic research on animal gametes and embryos is required to 
model procedures such as ICSI, superovulation and gamete and embryo culture. 
Although the mouse is an excellent model, other models where embryo develop- 
ment may be more similar to humans, such as bovine or non-human primates, 
should be examined. 

Understanding epigenetic programming (i.e. the timing and mechanisms) has 
potentially important implications for human stem cell research (Sapienza, 2002). 
Two types of cells are potential sources of material for transplantation medicine: 
ES cells and EG cells. Both cell types can be cultured in vitro and their pluripotent 
nature makes them capable of differentiating into multiple cell types. While ES 
cells are derived from the inner cell mass of blastocysts, EG cells are derived from 
PGCs collected from developing gonads of human fetuses. It has been suggested 
that EG cells might be a preferable source to establish stable cell lines that could be 
used for transplantation medicine, since some studies have questioned the stabil- 
ity of epigenetic marks in ES cells (Dean et al., 1998; Humpherys et al., 2001). 
A better understanding of the mechanisms governing erasure and establishment of 
epigenetic marks in human PGCs will directly impact the use of EG cell lines 
destined for stem cell-derived therapies. 


11.10 Conclusions 


As further investigations tease apart the complex organization of epigenetic repro- 
gramming in germ cells and early embryos, more light will be shed on the inter- 
related functions of epigenetic marks and the instructions they provide to support 
development. Various human diseases have been linked to alterations in DNA methyl- 
ation or chromatin structure; the underlying cause of these diseases might be eluci- 
dated by studying epigenetic regulation of suspected gene(s) during development. 
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As our understanding of epigenetic reprogramming grows, new drugs targeting 
epigenetic regulators without affecting the reproductive system will be developed 
and prove useful in treating disorders caused by altered epigenetic states. 
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12.1 Introduction 


Ten to fifteen percent of couples are infertile (Hull et al., 1985). Yet, very little is 
known of the genetics of infertility in men or women. Given the heavy reliance 
upon technology in Western countries to bypass germ cell defects, it is timely that 
we begin to understand the genetics of infertility and the outcomes to the repro- 
ductive and somatic development of children that are conceived. Here we discuss 
studies that led to a greater understanding of one gene family implicated in human 
germ cell development, the DAZ (Deleted in AZoospermia) gene family and then 
review findings of experiments aimed at establishing an in vitro genetic system to 
study human germ cell formation and early differentiation. These studies provide 
the framework for building the genetic tools that are required to probe the func- 
tional genetics of germ cell development in men and women. With time, we expect 
that the availability of a system to assay the complex functions of human genes and 
gene variants in vitro will result in increased ability to design rational therapeutics 
for germ cell defects, to accurately assess outcomes of infertility treatments, to 
minimize risks associated with use of assisted reproduction and to develop useful 
genetic tests to aid infertile couples. 


12.1.1 Specification of the germ cell lineage in vivo in model organisms 


323 


Two divergent developmental programs are associated with specification of the 
germ cell lineage in model organisms. In non-mammalian species such as worms, 
flies and frogs, germ cells of both males and females are specified via the inheritance 
of germ plasm, microscopically distinct oocyte cytoplasm that is particularly rich in 
RNAs and RNA-binding proteins; cells that inherit germ plasm upon cell division 
are destined to be germ cells (Houston and King, 2000b; Saffman and Lasko, 1999). 
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Some of the RNAs and RNA-binding proteins that are components of germ plasm, 
such as Pumilio, Nanos and Dazl (DAZ-Like), are highly conserved between organ- 
isms that specify germ cells via germ plasm inheritance and those that specify germ 
cells via a second mechanism (Jaruzelska et al., 2003; Moore et al., 2003; Saffman 
and Lasko, 1999; Tsuda et al., 2003). 

In mammalian species such as the mouse, microscopic germ plasm has not been 
observed early in development; instead, male and female germ cells are specified 
independently of germ plasm as a result of inductive signaling (Saffman and 
Lasko, 1999). Studies that map the fate of regional tissues in the pre-implantation 
mouse have revealed that mouse germ cells are specified in the proximal epiblast 
just after blastocyst formation or prior to gastrulation (Tam and Zhou, 1996), 
in response to signals from the neighboring extraembryonic ectodermal tissue 
(Fujiwara et al., 2001). However, development of germ cells from the proximal epi- 
blast is not hardwired as transplantation of other tissues, such as the distal epiblast 
to contact the extraembryonic ectoderm, also results in germ cell formation (Tam 
and Zhou, 1996). Thus, it is the extraembryonic ectoderm that provides one of the 
first signals for, or induces, germ cell specification in the epiblast. Following this 
inductive signaling, germ cells are then first recognized at embryonic day (E) 7.2 as 
cluster of extraembryonic cells that express distinctive marker RNAs and proteins 
such as tissue non-specific alkaline phosphatase (TNAP), Oct4 and stella, at the 
base of the allantois following gastrulation (Chiquoine, 1954; Saitou et al., 2002; 
Scholer et al., 1990a, b). 

During the time of germ cell formation at gastrulation, the epiblast cells which give 
rise to germ cells will migrate through a region of the embryo termed the primitive 
streak. However, recent studies have demonstrated that there is not a requirement for 
the physical act of migration in order to promote the germ cell versus somatic cell fate 
(Pesce et al., 2002; Ying et al., 2001; Yoshimizu et al., 2001). Growth of isolated epiblast 
at E6.0 on fibroblast feeder layers can specify primordial germ cell (PGC) differentia- 
tion from the epiblast explant (Yoshimizu et al., 2001). Furthermore, just half a day 
earlier at E5.5, epiblast explants grown on fibroblast feeder layers are not capable of 
producing PGCs, unless co-cultured with extraembryonic ectoderm (Yoshimizu et al., 
2001). Thus, two conclusions regarding germ cell formation in mice can be made from 
these studies. First, the physical act of gastrulation is not necessary for germ cell spec- 
ification and second, E5.5 epiblast cells that have not received signals from the 
extraembryonic ectoderm do not produce germ cells. 

The embryological period equivalent to mouse E5.5-E7.2 in human embryo 
development occurs shortly after implantation. Thus, the analysis of human germ 
cell specification in vivo is impracticable due to ethical considerations regarding 
research during this period. However, recent studies in mice and humans have 
shown that embryonic stem cells (ESCs) (derived from the inner cell mass (ICM) of 
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the blastocyst prior to epiblast formation) are capable of differentiating into female 
and male germ cells in vitro, thus providing a potential system to study germ cell 
development in its earliest stages, at the ‘birth of germ cells’ (Clark et al., 2004a; 
Geijsen et al., 2004; Hubner et al., 2003; Toyooka et al., 2003). Together these stud- 
ies indicated that ESCs are capable of spontaneously forming germ cells in vitro and 
allowed comparisons between the mouse and human systems (Geijsen et al., 2004; 
Hubner et al., 2003; Toyooka et al., 2003). We discuss this data in more detail below. 


12.1.2 The relationship of ESCs and germ cells 


Several novel findings are emerging from recent studies of ESC-derived germ cells. 
To review, mammalian ESCs, including human ESCs (hESCs), are derived from 
the ICM of blastocysts (Buehr and Smith, 2003; Evans and Hunter, 2002; Thomson 
et al., 1998). In light of this fact, it might be logical to assume that cells of the ICM 
and ESCs are closely related or equivalent. However, recent data, discussed below, 
suggests strongly that ESCs and ICM cells are not equivalent and that hESCs are 
most closely related to PGCs (Clark et al., 2004a; Evans and Hunter, 2002; Zwaka 
and Thomson, 2005). This observation has the practical implication that studies of 
ESCs and PGCs may have more in common than originally anticipated. 


12.1.3 Justification for studying human germ cell development 


Given the existence of excellent model systems to probe the genetics of germ cell 
development, one could question the need to specifically understand human germ 
cell development as it undoubtedly shares similarity with that of the mouse. 
However, as noted briefly above, there are many unique aspects to human germ cell 
development including the following: First, several human X and Y chromosome 
genes are expressed in different dosages or even absent in mice (Reijo et al., 1995, 
1996a; Skaletsky et al., 2003; Vogt et al., 1996; Zinn et al., 1993). Thus, complete 
understanding of development of germ cells is difficult on a genetic background 
that lacks key regulators. Second, reproductive genes and proteins are known to 
evolve more rapidly than somatic genes (Hendry et al., 2000; Swanson and Vacquier, 
2002). For example, the amino acid sequences of the human genes that we recently 
identified, STELLAR, GDF3 and NANOG are only 30% identical to the mouse 
homologs and have distinct differences in expression (Clark et al., 2004b; Saitou 
etal., 2002). Third, humans are remarkably infertile compared to other species, with 
nearly half of all infertility cases linked to faulty germ cell development (Menken 
and Larsen, 1994). Fourth, humans are remarkably imprecise in aspects of germ cell 
development that are reportedly highly conserved. For example, meiotic chromo- 
some missegregation occurs in yeast in approximately 1/10,000 cells. In flies, mis- 
segregation occurs in 1/1000 to 1/2000 cells and in mice in fewer than 1/100. In 
humans, meiotic missegregation occurs in 5—20% of cells depending on sex and age 
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(Hunt and Hassold, 2002). Observations such as these are indicative of fundamen- 
tal differences in the biology of human germ cells and highlight the necessity for 
exploration of the genetics of human germ cell biology directly. 


12.2 The DAZ gene family and human germ cell development 


12.2.1 DAZ, DAZL and interacting proteins 


One of the best characterized gene families implicated in human germ cell develop- 
ment is the DAZ gene family (Agulnik et al., 1998; Bielawski and Yang, 2001; Bienvenu 
et al., 2001; Brekhman et al., 2000; Carani et al., 1997; Chai et al., 1997; Cheng et al., 
1998; Cooke et al., 1996; Dai et al., 2001; Delbridge et al., 1997; Dorfman et al., 1999; 
Foresta et al., 1997; Glaser et al., 1998; Gromoll et al., 1999; Habermann et al., 1998; 
Houston and King, 2000a; Houston et al., 1998; Johnson AD et al., 2001; Karashima 
et al., 2000; Kent-First et al., 1996; Maegawa et al., 1999; Maines and Wasserman, 1999; 
Maiwald et al., 1996; McGuinness and Orth, 1992; Menke et al., 1997; Mita and 
Yamashita, 2000; Mulhall et al., 1997; Neiderberger et al., 1997; Reijo et al., 1995, 1996b, 
2000; Ruggiu and Cooke, 2000; Ruggiu et al., 1997; Saxena et al., 1996, 2000; Schrans- 
Stassen et al., 2001; Seboun et al., 1997; Shan et al., 1996; Shinka and Nakahori, 1996; 
Simoni et al., 1997; Slee et al., 1999; Stuppia et al., 1996; Tsai et al., 2000; Tsui et al., 
2000a,b; Venables et al., 2001; Vereb et al., 1997; Vries et al., 2002; Yen et al., 1996, 1997). 
The founding member of this family, DAZ, was identified in the mid-1990’s in exper- 
iments aimed at exploring the hypothesis that a gene or genes on the human Y chro- 
mosome was required for production of sperm in men (Reijo et al., 1995). This 
hypothesis, that there was a gene or gene cluster that was required for spermatogene- 
sis on the Y chromosome, was first introduced in 1976 in a classic human genetics 
study (Tiepolo and Zuffardi, 1976). In this work, Tiepolo and Zuffardi karyotyped 
1170 azoospermic men (with no sperm in the ejaculate) and oligospermic men (with 
less than 20 million sperm per ml) and found that six azoospermic men had micro- 
scopic deletions of the long arm of the Y chromosome and where tested, their fathers 
did not (Tiepolo and Zuffardi, 1976). Numerous studies confirmed these findings, but 
it was not until the mid-1990’s that smaller, interstitial deletions of the Y chromosome 
were identified, following the complete mapping of the Y chromosome with PCR- 
based markers (Foote et al., 1992; Reijo et al., 1995; Vollrath et al., 1992). Analysis of 
blood DNA from azoospermic men indicated that 13% of men who completely lacked 
all germ cells carried deletions of an AZF (AZoospermia Factor) region that encom- 
passed a novel cluster of genes that we called the DAZ genes, whereas their fathers had 
intact Y chromosomes (Reijo et al., 1995). With further analysis, it was demonstrated 
that approximately 6% of severely oligospermic men (with counts less than 1 mil- 
lion/ml) carried similar de novo deletions (Reijo et al., 1996a). Subsequent studies 


327 


The DAZ gene family and human germ cell development from ESCs 


identified two additional and less-frequent deletions linked to azoospermia and 
oligospermia (Vogt et al., 1996). Still later, finer-structure genetic mapping and 
sequencing of the Y chromosome demonstrated that the human Y chromosome holds 
156 transcription units that encode 27 distinct proteins (Skaletsky et al., 2003). The 
most commonly deleted region of the Y chromosome, the AZFc region that encom- 
passes the DAZ genes, encodes 11 apparently intact genes including the RBMY1, PRY, 
BPY2, CDY1 and DAZ genes (Kuroda-Kawaguchi et al., 2001; Lahn and Page, 1997). 
Yet, the contribution of these genes to azoospermia in men cannot be readily assessed 
given that Y chromosome homologs are only found in primates (Skaletsky et al., 
2003), whereas, autosomal homologs (called the DAZ-Like (DAZL) and BOULE 
(BOL) genes) are widely conserved and universally function in germ cell development 
to determine fertility (Brekhman et al., 2000; Carani et al., 1997; Cheng et al., 1998; 
Cooke et al., 1996; Dorfman et al., 1999; Houston and King, 2000a; Houston et al., 
1998; Howley and Ho, 2000; Johnson AD et al., 2001; Karashima et al., 2000; Maegawa 
et al., 1999; Menke et al., 1997; Mita and Yamashita, 2000; Reijo et al., 2000; Rocchietti- 
March et al., 2000; Ruggiu et al., 1997; Tsai et al., 2000; Tsui et al., 2000b; Yen et al., 
1996). Thus, two general approaches have been used to explore the function of the 
human DAZ gene family: (1) identification and characterization of proteins and RNAs 
which interact with DAZ family members and (2) construction of an in vitro system to 
directly probe gene function during germ cell development by silencing, overexpress- 
ing or mutating human genes directly. 


12.2.2 Identification and characterization of a new member of the DAZ family in 


humans reconciles variant phenotypes in diverse organisms 


As reported in Moore et al., we identified 20 genes that encode proteins that poten- 
tially interacted with human DAZ/DAZL proteins via a yeast two-hybrid screen 
(Fig. 12.1) (Moore et al., 2003). Seven proteins, encoded by six genes (DZIP 1 and 2 
are isoforms), interacted by strict criteria. Several observations suggested that we 
identified legitimate partners. First, five interacting proteins, like DAZ/DAZL, are 


Gene Expression Motif(s) 
PUM2 Male/female germ cells and ES cells PUF repeat 
hQK3 Upregulated in ovary and testis None 

BOL Male germ cells RRM, DAZ repeat 
DZIP1 Testis and specific tissues Zinc finger 
DZIP2 Male germ cells Zinc finger 
DZIP3 Unknown None 

DAZL Male/female germ cells RRM, DAZ repeat 


Figure 12.1 Genes that encode proteins that interact with the members of the DAZ protein family (see 


text for further discussion) 
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Figure 12.2 (A) BOL genes are conserved in all metazoans and gave rise to a gene family that contains 
DAZL and DAZ. Invertebrates such as flies and worms contain a single member of the 
DAZ/BOL gene family, non-primate vertebrates contain two members, and primates alone 
have DAZ genes themselves on the Y chromosome. (B) Expression and functional analyses 
suggest that BOL functions in meiosis, whereas DAZ and DAZL genes are required for 
novel vertebrate functions beginning in the earliest germ cells 


predicted to bind RNA; thus, these proteins may function together to regulate trans- 
lation. Second, four are homologs of proteins required for germ cell development in 
model organisms (Chubb, 1992; Eberhart et al., 1996; Forbes and Lehmann, 1998; 
Ruggiu et al., 1997). Third, five proteins demonstrated biochemical interaction, 
passing stringent tests of interaction. 

Surprisingly, in sorting through potential interacting proteins a new member of 
the human DAZ gene family was identified (Fig. 12.2). However, the protein encoded 
by this gene was more similar to Drosophila Boule, the proposed fly ortholog of DAZ, 
than to human DAZ or DAZL (Eberhart et al., 1996; Xu et al., 2001). We called this 
newly identified gene, human BOULE (BOL). The extensive similarity shared by the 
RNA-binding domains of fly Boule, human BOL, DAZ and DAZL distinguished 
these proteins as a unique germ cell protein family (Xu et al., 2001). We further char- 
acterized human BOL as reported. Notably, comparison of the expression of human 
and mouse BOL indicates that they share features with DAZ/DAZL but are divergent. 
For example, expression of all of these proteins is restricted to germ cells, with no 
expression in somatic cells (Cooke et al., 1996; Dorfman et al., 1999; Houston et al., 
1998; Maiwald et al., 1996; Menke et al., 1997; Mita and Yamashita, 2000; Reijo et al., 
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A human BOL transgene can rescue the meiotic arrest of infertile flies with a fly boule 
mutation. Shown is the testes of a (A) wildtype, (B) boule mutant, (C) boule mutant with 
a human transgene (tg) and (D) boule mutant with a fly tg. The lower panels are a higher 
magnification of the upper panels. Note the presence of long, filamentous sperm tails in 
all flies except the bou/e mutant with no transgene 


1996b, 2000; Ruggiu et al., 1997; Shan et al., 1996; Yen et al., 1996). Yet, DAZ and 
DAZL are expressed early in germ cell development and throughout development of 
adult germ cells (Dorfman et al., 1999; Reijo et al., 2000). In contrast, expression of 
BOL is restricted to meiotic cells in a pattern identical to fly boule (Cheng et al., 1998; 
Maines and Wasserman, 1999; Xu et al., 2001). Thus, given the similarity in expres- 
sion of the human and fly genes, we tested whether human BOL could complement 
a fly boule mutation (Xu et al., 2003). Remarkably, we found that progression of 
meiosis in mutant flies carrying a human BOL transgene was indistinguishable from 
that observed with the fly transgene (Fig. 12.3) (Xu et al., 2003). 

Results from studies briefly described above, along with previous studies on DAZL 
homologs in frogs and mice, suggested a resolution to the divergent functions of 
DAZ homologs. Essentially, BOL genes are found in all animals where, to date, they 
are known to function in meiosis; in contrast, DAZL genes only occur in vertebrates 
where they function in early germ cell development (Eberhart et al., 1996; Houston 
and King, 2000a; Houston et al., 1998; Karashima et al., 2000; Ruggiu et al., 1997). 
Finally, Y chromosome DAZ genes only occur in primates where expression and 
genetic data suggest they also function in early germ cell development (Reijo et al., 
1995, 1996a; Simoni et al., 1997). 


12.2.3 Identification and characterization of PUM2, a conserved stem cell factor that 
interacts with DAZ and DAZL 


Another protein that interacts with DAZ and DAZL and has been well characterized is 
PUMILIO-2 (PUM2) (Moore et al., 2003). PUM2 is a human homolog of fly Pumilio, 
a translational repressor that is required for embryonic axis determination and germ 
cell development, especially maintenance of germ line stem cells (Asaoka-Taguchi 
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et al., 1999; Crittenden et al., 2002; Eckmann et al., 2002; Forbes and Lehmann, 1998; 
Lehmann and Nusslen-Volhard, 1987; Lin and Spradling, 1997; Moore et al., 2003; 
Murata and Wharton, 1995; Parisi and Lin, 1999; Wharton et al., 1998). Identity 
between Pumilio proteins in diverse organisms was especially striking, with 80% iden- 
tity over more than 280 amino acids that encode the RNA-binding domains (Moore 
et al., 2003). 

As outlined in several publications, data indicates that of the following: 

(1) DAZ/DAZL and PUM2 interact in two-hybrid assays, pulldown assays from 
yeast, coimmunoprecipitation from mammalian cells overexpressing the pro- 
teins and in coimmunoprecipitation from testis extracts. 

(2) DAZ/DAZL and PUM2 proteins colocalize to the nucleus and cytoplasm of 
PGCs, gonocytes and spermatogonia and the cytoplasm of spermatocytes. 

(3) Specific regions of DAZ/DAZL protein were required for interaction with PUM2 
protein, and vice versa. 

(4) DAZ/DAZL and PUM2 can interact and bind the same RNA molecule. 

(5) Interaction occurs through the functional domain of PUM2, required for com- 
plementation in flies. 

(6) PUM2 interacts with DAZ, DAZL and also with the newest member of the 
family, BOL (Urano et al., 2005). 

These data suggest that human and mouse PUM? plays a role similar to that of 
Pumilio in other organisms: First, the RNA-binding region, required to regulate 
translation during fly germ line development, is 80% identical to that of humans 
(Moore et al., 2003). Moreover, our studies indicate that the RNA-binding domain 
is required for interaction of PUM2 with DAZ (Edwards et al., 2001). Second, 
PUM2 protein can bind the NRE (Nanos Regulatory Element) sequence which is 
necessary for translational repression of some specific transcripts in Drosophila. 
This suggests that human PUM2 may also regulate translation. Finally, the pattern 
of PUM2 expression in embryonic cells and germ cells suggests that it functions in 
these cells. Based on these studies, we hypothesized that PUM2 may function as a 
translational regulator with DAZL in the formation and/or maintenance of early 
human germ cell populations. This hypothesis is consistent with reports that indi- 
cate translational repression by Pumilio homologs is a widespread mechanism for 
maintenance of germ line stem cells (Crittenden et al., 2002; Wickens et al., 2002). 
A model for how PUM2 and DAZ/DAZL may function in germ cell formation 
and/or maintenance of early germ cell populations is shown (Fig. 12.4). 


12.2.4 Identification and characterization of RNAs to which DAZ/DAZL bind 


We next identified and characterized RNA substrates potentially regulated by our 
protein complex. Since DAZL and PUM2 can interact and form a complex on the 
same RNA (Moore et al., 2003), we sought to identify cellular target mRNAs to 
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Figure 12.4 Model for the function of the DAZ family of proteins and interacting factors in the stem 


cell populations of the embryo and germ line 
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Figure 12.5 mRNAs identified by co-immunoprecipitation with DAZL or DAZL and PUM2 protein 


attached to inert beads that are potentially regulated by DAZL and/or DAZL and PUM2; 
further analysis is required to confirm interactions in vivo (see text for further explanation) 


which both proteins bind in order to minimize capture of non-specific targets. We 
used tagged proteins crosslinked to beads to co-precipitate human testis mRNAs. 
Complexes bound by either DAZL or PUM2 were extracted and amplified via 
reverse transcriptase polymerase chain reaction (RT-PCR). Serial immunoprecip- 
itations were performed to minimize background; resulting products were labeled 
and used to screen for clones that were bound by both DAZL and PUM2 in at least 
two rounds of screening (Fig. 12.5). Our results and those of Jiao and colleagues 
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overlapped (Jiao et al., 2002); both groups obtained transcripts of transition pro- 
tein 1, XAGE and GAGE mRNAs, as well as unique transcripts. 


12.2.5 The PUM2 recognition sequence 
Previously, we demonstrated that PUM2 binds the Drosophila NRE with or with- 
out DAZL (Moore et al., 2003). In order to define the nucleotide requirements of 
this sequence, we used mutational analysis to determine if binding was specific and 
to define a minimal recognition sequence. As shown (Fig. 12.6), single nucleotide 
changes to the NRE sequence completely abolished PUM2 binding. Thus, with a 
PUM2 recognition sequence in hand, we determined which mRNAs from Figure 12.5 


contained the sequence. Although 21 NRE elements were identified in 13 transcripts, 
only one mRNA, FLJ10498, was recruited by both DAZL and PUM2 and a subset of 
the other interacting proteins in the three-hybrid assay. We tentatively called the gene 
that encodes FLJ10498, DAZ-Regulated (DAZR). It is expressed at low levels in several 
tissues and abundantly in testis. 
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Figure 12.6 The human PUM2 protein specifically recognizes the NRE sequence that was identified as 
the sequence that confers regulation to the nanos gene by Pumilio protein in Drosophila. 
Note that several mutant mRNAs with single nucleotide changes were constructed; 
changes of single nucleotides can completely abolish binding of Pumilio proteins to 
the NRE sequences. Shown are results for a subset of mutant sequences and binding 
of Drosophila Pumilio, the human PUM2 protein and a closely related human 
homolog, PUM1 
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12.2.6 Identification of PUM2 and DAZL response elements 


We defined the PUM2 cis-element via 5’ and 3’ deletion constructs that formed over- 
lapping 90 bp fragments and analyzed ability to support binding of PUM2. In this way, 
we mapped sequences required for PUM2 to 20 bps in DAZR (bases 178 and 198). 
This region contains a PUM2 recognition sequence as defined above. Furthermore 
comparison of sequences that DAZL binds in our analysis (the region at basepairs 
0-90 of DAZR) to those obtained by Jiao et al. yields a consensus recognition sequence 
of UAUGUAGUUAUUAAAAAUUUUUAAAUCA (Jiao et al., 2002). Gel shift assays 
were performed to confirm binding constraints for interactions between DAZL and 
the 0-90 sequence and PUM2 and the 128-218 sequence (Fox et al., 2005). We found 
that both proteins recognized their putative sequences and were competed with spe- 
cific but not non-specific competitors (Fox et al., 2005). In addition, as diagrammed 
below, we identified sequences in DAZR that may be bound by proteins that interact 
with DAZ and DAZL (Fig. 12.7, Color plate 11). 


12.2.7 DAZL and PUM2 and the DAZR transcript 


Figure 12.7 


To date then, we had identified a complex of proteins that are predicted to bind RNA. 
We next wished to explore the function of PUM2, DAZL and DAZR in RNA metab- 
olism in order to address questions such as: Is there evidence that PUM2 may act as 
a translational repressor in mammals, as it does in other organisms? Thus, we con- 
structed a reporter gene that contained the DAZR regulatory sequences and then 
silenced the genes in a spermatogonial stem cell line that was recently derived by 
Dym and colleagues (Feng et al., 2002). Silencing was verified as shown (Fig. 12.8A). 
When we examined the action of DAZR sequences on a luciferase reporter, we found 
that addition of DAZL recognition sequences from 0 to 90 in the 3’UTR increased 
luciferase activity (Fig. 12.8B). This increase was abolished when DAZL was silenced 
(Fig. 12.8C). In contrast, PUM2 recognition sequences from 128 to 218 in the 3’ UTR 
resulted in decreased luciferase activity (Fig. 12.8B) and silencing of PUM2 abolished 
the decrease (Fig. 12.8D). The mechanism of this regulation via mRNA stability 


BOULE DAZAP-1 DAZAP-1 DAZAP-1 hPUM2 824 
€ © ° @ dido @se e@ 
DAZL DAZ-2 LpUM2 hPUM2 hPUM2 DAZL BOULE 

DAZ-2 DAZ-2 DAZ-2 


Screening of the DAZR 3'UTR (UnTranslated Region) for binding of multiple RNA-binding 
proteins. Diagrammed are results of binding assays with PUM2, BOULE, DAZL, DAZ2, 
DAZAP1 and DZIP1 proteins. The strongest reaction in the three-hybrid system was 
observed for sequences bound by PUM2 and DAZL. Binding by other proteins has not 
been investigated further. DAZAP1 was previously identified in the laboratory of 

Dr. Pauline Yen (Tsui et al., 2000a) (see Color plate 11) 
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Figure 12.8 Analysis of DAZL and PUM2 regulation by RNAi. (A) PUM2 and DAZL were silenced. 
Oligos: DAZL, GATCCCgttcaccagttcaggtcatTTCAAGAGAatgacctgaactggtgaacT TTTTIGGAAA; 
PUM2, GATCCCgcactaacctgcagtctaaTTCAAGAGAttagactgcaggttagtgcTTTTTTGGAAA under 
control of U6 promoter system. Control cells express significantly more PUM2 and DAZL 
than silenced cells. (B) The sequences at the 3’UTR regulate luciferase activity from a 
pGL3 reporter construct. (C) Silencing of DAZL leads to a significant reduction in luciferase 
activity (b-d) compared to controls (A). (D) Silencing of PUM2 leads to a significant 
increase in luciferase activity (b-d) compared to controls (a). This suggests that DAZL 
protein may upregulate expression via modulation of mRNA stability or translation at the 
nucleotides 0-90 of the 3’UTR. In contrast, PUM2 may act to repress translation at the 
nucleotides 128-218 of the 3’UTR 


and/or translational modulation is currently under study. Nonetheless, these data are 
compatible with the hypothesis that PUM2 functions as a repressor whereas, DAZL 
is stimulatory. 


12.2.8 Conclusions from identification and characterization of DAZ, DAZL and 

interacting proteins and RNAs 
As noted, an RNA termed DAZR was identified as an RNA bound by DAZ, DAZL and 
several interacting proteins (Fox et al., 2005). Although the function of this RNA is 
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Figure 12.9 Protein interactions specific to germ cells. The putative structure of a germ cell particle 


which may specifically define the cytoplasm of germ cells, as distinct from somatic cells 


not known, the observation of multiple partners binding the same RNA molecule 
suggests potential for coordinate regulation of RNAs and the presence of a complex of 
proteins and RNAs that is definitive of germ cells (Fig. 12.9). Furthermore, as shown 
in our and others’ work, the DAZ gene family has homologs in diverse organisms 
from flies and worms to humans. Yet, the genetic composition of the gene family in 
primates differs from that of all other organisms making direct extrapolation of func- 
tion difficult. For example, based on studies from model organisms, we cannot pre- 
dict whether the Y chromosome DAZ genes have functions redundant with the 
autosomal DAZL gene or unique functions. Thus, we explored whether hESCs differ- 
entiation might allow genetic analysis of human germ cell development (Clark et al., 
2004a). 


12.5 Differentiation of hESCs to the germ cell lineage 


Since very little was known about gene expression in multiple human ES cell lines, 
we compared gene expression in three hESC lines prior to differentiating these 
three hESC lines to embryoid bodies (Ebs) and assaying germ cell development as 
described below. 


12.3.1 Gene expression analysis in hESCs 


Global gene expression analysis is useful for examining expression profiles that are 
shared between, and specific to, distinct cell types (Smith and Greenfield, 2003). In 


336 


Mark S. Fox et al. 


100 jJ 
oO 
O 
Cc 
s 
Ra 
T 50 
Š q N 
R= N N 
g M tT ND N + e + 
Lu 
HSF1 HSF6 H9 
0- hESCs 


Figure 12.10 Hierarchical clustering of gene expression in independently derived hESC lines using 


Euclidean distance and complete linkage. Microarray analysis and probe generation were 
as described (Abeyta et al., 2004) 


most studies, 10-20% of genes and expressed sequence tags (ESTs) are reported to be 
expressed in any one cell type (Warrington et al., 2000). In contrast, gene expression 
in stem cells is slightly elevated; yet, by no means are most or all genes expressed as 
popular lore may suggest. In one study, the number of genes expressed in three dif- 
ferent stem cell types was tallied and it was found that approximately 60% of the 
genes and ESTs probed were expressed in these three stem cell types together (or 
approximately 20% in each type of cell; embryonic, neural and hematopoietic stem 
cells) (Ramalho-Santos et al., 2002). In a second study, approximately 30% of the 
sequences on oligonucleotide arrays were expressed in cultured neural stem cells 
(Wright et al., 2003). In Abeyta et al. (2004), the first comparison of global gene 
expression between independent hESC lines was reported (Fig. 12.10) (Abeyta et al., 
2004). Similar to results with other stem cell types, 31% of the total gene and EST 
sequences on the oligoarrays were expressed in at least one cell line; just 16% were 
expressed in all three lines examined, including genes such as OCT4 and others 
required for ES cell pluripotency (Abeyta et al., 2004). Thus, hESCs express many 
genes and ESTs, but clearly not the majority (Abeyta et al., 2004). In addition, this 
work demonstrated that each independently derived hESC line analyzed possessed a 
unique gene expression signature (Abeyta et al., 2004). 


12.3.2 Search for the first expressed marker of human germ cells 


In order to identify nascent germ cells as they differentiate, we searched for the ear- 
liest marker of human germ cells (Clark et al., 2004b). Mouse stella was reported to 
be expressed only in early, lineage-restricted germ cells and not in somatic cells 
(Saitou et al., 2002). Given the lack of known human genes with these properties, we 
identified and characterized a human stella homolog. We mapped a gene with struc- 
tural similarity to chromosome 12 p and found that the region surrounding this 
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Figure 12.11 Diagrammatic representation of the different stages of germ cell differentiation. We 
note the earliest expression of each gene that can be used to predict each stage of germ 
cell development. Most genes are specific to germ cells, though a subset such as c-K/T 
and the PUM genes are also expressed in somatic tissues. Expression in germ cells is 
described (Caricasole et al., 1998; Castrillon et al., 2000; Chambers et al., 2003; Clark 
et al., 2004b; Dong et al., 1996; Edelmann et al., 1996; Hansis et al., 2000; Koprunner 
et al., 2001; Larsson et al., 2000; Lynn et al., 2002; Matsui et al., 1997; Mitsui et al., 2003; 
Moore et al., 2003; Niwa et al., 2000; Pesce et al., 1998; Reijo et al., 2000; Saitou et al., 
2002; Xu et al., 2001) 


gene, which we called STELLA-Related (STELLAR), encoded two other genes, GDF3 
(Growth and Differentiation Factor 3) and NANOG (Clark et al., 2004b). Although 
these syntenous genes are remarkably divergent from mice to humans, we expected 
that if the expression of human STELLAR was similar to that reported for mouse 
stella, it would mark nascent germ cells as they differentiate. Surprisingly, however, 
we found that STELLAR, NANOG and GDF3, were expressed highly in undifferen- 
tiated ES cells; expression was downregulated with ES cell differentiation in a man- 
ner identical to OCT4 (Hansis et al., 2000; Niwa et al., 2000; Pesce and Scholer, 2000; 
Pesce et al., 1998). Then, in the fetus and adult, expression was limited to germ cells 
(Clark et al., 2004b). 


12.3.3 Germ cell markers in undifferentiated hESC lines 
Since we unexpectedly found that STELLAR is expressed in undifferentiated hESCs, 
we created a profile of expression of markers that might define development of the 
germ cell lineage (Fig. 12.11). We then examined expression of these potential mark- 
ers in order to identify those that are expressed in human germ cells but not in three 
hESC lines. We observed expression not only of OCT4, GDF3, NANOG and STELLAR 
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Table 12.1. Mean normalized expression of genes in HSF1, H9 and 
HSF6 undifferentiated, hESC lines analyzed via quantitative PCR 


Gene name HSF1 (X10?) H9 (X10?) HSF6 (X 10°) 


NCAMI + + + 
KDR + + + 
AFP + + + 
OCT4 + + + 
GDF3 + + + 
STELLAR + + + 
NANOG + + + 
NANOS + + + 
DAZL + + + 
KIT + + + 
PUMI + + + 
PUM2 + + + 
VASA _ _ _ 

SCP1 _ _ _ 

GDF9 _ _ _ 

TEKTINI - —/+ —/+ 


Values were calculated, as described (Pfaffl et al., 2002), and significance 
was calculated by ANOVA for each gene followed by a two-tailed t-test 
(see Clark et al., 2004b for details) (Clark et al., 2004b). Note that genes 


expressed are in bold type; those that were not expressed are in italics. 


in undifferentiated ESCs as expected, but also DAZL (Table 12.1 also see Clark et al. for 
CT values) (Clark et al., 2004b). Furthermore, all three lines of undifferentiated hESCs 
expressed the genes cKIT, NANOS1, PUM1 and PUM2. In contrast to expression of 
these pre-meiotic genes, markers of later germ cell differentiation were at or below lev- 
els of detection including, VASA, a specific marker of germ cell migration, entry into 
the gonads and meiosis (Castrillon et al., 2000), SCP1, a specific marker of meiosis 
in male and female germ cells (Lynn et al., 2002), GDF9, a specific marker of meiotic 
and post-meiotic germ cell differentiation in oocytes (Dong et al., 1996), and TEKTI, 
a specific marker of post-meiotic germ cell differentiation in haploid spermatids 
(Larsson et al., 2000) (Table 12.1). None of these markers were expressed at detectable 
levels with the exception of the expression of TEKT1 at background level in one of 
three samples of the HSF6 line. 


12.3.4 Protein expression in hESC lines 


Since undifferentiated hESCs apparently shared a pre-meiotic transcriptional expres- 
sion profile with germ cells, we tested whether the corresponding germ cell specific 
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Figure 12.12 Protein expression in undifferentiated human (A-F) and mouse (G-J) ESCs. (A) SSEA3 
(green) and TRA-1-81 (red) were used to assess status of hESC differentiation (orange 
indicates co-localization). Immunofluorescence: DAZL (B) and DAPI (C). Merged images 
of KDR and DAPI (D; white arrow shows positive cell); AFP (E) and NCAM1 (upper panel 
of F). NCAM1 was only detected in differentiated EBs (lower panel; F); white arrow shows 
cytoplasmic expression. mESC Immunofluorescence (G, I) Control preimmune for Dazl and 
Dzip; (H, J) specific antisera for Dazl and Dzip proteins. Immunofluorescence (lefthand) 
and DAPI (righthand panel) of G, I, H, J (see Color plate 12) 


proteins were expressed. Our results indicated that not just RNAs, but proteins were 
also expressed (Clark et al., 2004a). 


12.3.5 Immunohistochemistry in undifferentiated hESCs 
We next addressed whether part or the entirety of the hESC population was expressing 
proteins indicative of germ cell development via immunofluorescence (Fig. 12.12, 
Color plate 12). We showed that undifferentiated hESCs expressed pluripotency 
markers, as expected (Fig. 12.12A), and also STELLAR protein in nearly all cells (Clark 
et al.,2004a). Most surprisingly, we also observed that DAZL was present in nearly all 
hESCs (Fig. 12.12B, C), while, VASA was never detected in undifferentiated hESCs 
(Clark et al., 2004a). In contrast, somatic proteins were rarely expressed (Fig. 12.12D, 
E); NCAMI was only detected after differentiation (Fig. 12.12F). These results were 
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confirmed with mESCs as well (Fig. 12.12G—I). mESCs also expressed DAZL and an 

interacting protein, DZIP, in nearly all cells (Moore et al., 2004). 

We did not expect expression of DAZL mRNA and protein in the majority of 
hESCs, simply because in species of flies, worms, frogs, fish, salamanders, mice and 
non-human primates, as in humans, expression of DAZ gene homologs is restricted to 
germ cells (Brekhman et al., 2000; Carani et al., 1997; Cheng et al., 1998; Cooke et al., 
1996; Dorfman et al., 1999; Houston and King, 2000a; Houston et al., 1998; Howley 
and Ho, 2000; Johnson AD et al., 2001; Karashima et al., 2000; Maegawa et al., 1999; 
Menke et al., 1997; Mita and Yamashita, 2000; Reijo et al., 2000; Rocchietti-March et al., 
2000; Ruggiu et al., 1997; Tsai et al., 2000; Tsui et al., 2000b; Yen et al., 1996). Our obser- 
vations suggested that of the following: 

(1) Expression of ‘germ cell’ genes in undifferentiated hESCs may simply reflect ran- 
dom, unregulated gene expression. However, several reports, including from my 
laboratory, have documented that ES cells express approximately the same per- 
centage of genes as other cells (Abeyta et al., 2004; Hsiao et al., 2001; Ivanova et al., 
2002; Ramalho-Santos et al., 2002; Tanaka et al., 2002; Warrington et al., 2000). 
Moreover, if random expression were the case, we would expect expression of 
markers such as VASA, SCP1, SCP3, BOULE, GDF9 and TEKT1. Yet, this was not 
the case. We observed expression of all pre-meiotic germ cell markers but no later 
germ cell markers. 

(2 


— 


hESCs and germ cells may share aspects of a common molecular program and 
therefore express similar genes. In fact, expression of genes such as OCT4, 
NANOG, STELLAR and GDF3 supports this possibility (Clark et al., 2004b; 
Pesce et al., 1998). 

Expression of genes such as DAZL may indicate spontaneous differentiation of 


— 
Oo 
wa 


part or all of the population of ESCs to germ cells. 


12.3.6 DAZL is expressed in undifferentiated hESCs but not in ICM 


To address these possibilities, we compared expression of several genes in the ICM 
(which is the source of ESCs) to that of cultured, undifferentiated hESC lines 
(Table 12.2). We found that human ICM cells expressed NANOSI but not DAZL or 
later germ cell markers such as VASA or SCP1, or somatic markers such as NCAMI1. 
Due to limited availability of tissues, additional markers were not be assayed. 
Nevertheless, these results demonstrated that undifferentiated hESCs differed in 
DAZL and NCAM] transcription compared to their in vivo counterpart, ICM cells. 
This suggested that removal of the ICM from the blastocyst and subsequent culturing 
on feeder cells either resulted in transcription of markers which are normally not 
expressed in the ICM in ES cells or resulted in the preferential propagation of germ 
cell-like cells. If we focus on differentiation towards a germ cell-specific pathway, 
removal and culture of the ICM may result in spontaneous differentiation of cells 
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Table 12.2. Comparison of expression of a subset of genes 
in human ICM and undifferentiated hESCs (see text and 
Clark et al., 2004a for further explanation) 


Gene name ICM hESCs 


NCAMI1 = + 
OCT4 an F 
STELLAR F Ti 
NANOS F + 
DAZL = F 
VASA = = 
SCP1 = = 


towards the germ cell lineage. Thus, hESCs may be thought to be ‘primed for germ cell 
development: However, the next temporal marker of germ cell differentiation that we 
know, VASA, is not expressed. Similar results are observed with mouse ESCs (Moore 
et al., 2003, 2004). 


12.3.7 Meiotic and post-meiotic germ cell differentiation using hESCs 


We next determined whether hESCs could form mature germ cells by differentiating 
hESCs and generating EBs. With differentiation, genes expressed predominantly or 
exclusively in pluripotent cell types should decrease as somatic lineages form. Thus, as 
expected, markers OCT4, STELLAR, NANOG and GDF3 decreased as NCAM1, AFP 
and KDR increased with differentiation (Clark et al., 2004a). However, by day 14 
of differentiation, expression of both NANOSI and DAZL also decreased sharply. 
Conversely, there was a sharp increase in expression of later germ cell markers includ- 
ing VASA, SCP1, GDF9 and TEKTI as EB differentiation progressed (Clark et al., 
2004a). Decreased NANOS1 and DAZL expression suggested, as discussed below, that 
cells positive for these markers contribute to both somatic and germ cell lineages. 
Given that RNAs indicative of germ cell development are expressed with differ- 
entiation, whether proteins diagnostic of germ cells were present in EBs was ana- 
lyzed. At days 14 and 21, EBs were analyzed for VASA, STELLAR and DAZL. We 
found that all three proteins were expressed in distinct cells within EBs, frequently 
overlapping (Fig. 12.13A, B, Color plate 13). Also, examination of expression of the 
synaptonemal complex protein-3 (SCP3), revealed no SCP3-positive cells in 
undifferentiated hESCs (Fig. 12.13C, D, Color plate 13). In contrast, by day 14 of 
differentiation, we detected SCP3-positive cells throughout the EBs in nuclear 
structures (Fig. 12.13E, F, Color plate 13). We did not, detect MLH1 expression in 
recombination nodules; nor did studies with mESC-derived germ cells (Geijsen et al., 
2004; Hubner et al., 2003), though their presence was not sought in the studies of 
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Immunohistochemistry and meiotic analysis of Day 14 EBs. See Clark et al., for additional 
panels and controls. Day 14 EBs from HSF-6 and HSF-1 hESCs stained for VASA (A) and 
DAZL (B). Meiotic proteins (C-F). Undifferentiated hESCs stained with DAPI (C) and SCP3 
antisera (D). Day 14 EBs stained for DAPI (E) and SCP3 (F) (see Color plate 13) 


Toyooka et al. (2003) and results from Geijsen and colleagues indicated the pres- 
ence of mature sperm from in vitro differentiation of mESC-derived germ cells. 
DAZL as an early marker of the human germ cell lineage. 


12.2.8 Conclusions from hESC differentiation 


hESC differentiation is a promising approach to dissect genetics of human germ cell 
specification and differentiation. We showed that undifferentiated hESCs expressed 
STELLAR and DAZL but not later germ cell markers such as VASA. Given this 
expression pattern and the observation that in diverse organisms including flies, 
worms, frogs, fish, mice and humans, DAZL expression is restricted to germ cells 
(Xu et al., 2001). Along with additional data on embryonic expression of DAZL and 
STELLAR, we propose that DAZL is the earliest known marker of human germ cells. 
Construction of a DAZL promoter reporter system confirms expression from this 
promoter in hESCs and mESCs, as well as germ cells (Fig. 12.14). We expect that 
expression from the DAZL promoter will be maintained only in germ cells and not 
somatic cells upon differentiation. 

Further consideration of the time course of expression of the genes OCT4, 
NANOG, NANOS1, STELLAR and DAZL in hESCs leads to two suggestions, also 
outlined in our model (Fig. 12.14): First, growth and propagation of a self-renewing 
population from ICM cells to form ES cells may lead to the spontaneous differen- 
tiation of all or a portion of cells to the germ cell lineage. Second, putative DAZL- 
and STELLAR-positive germ cells may differentiate to form both germ cells and 
somatic cells. These conclusions are supported by observations that the germ cell 
lineage is one of the first lineages to form in many organisms and does not require 
an intermediate embryonic precursor of ectoderm, endoderm or mesoderm lineages 
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Figure 12.14 Model of the formation and differentiation of mammalian germ cells. We hypothesize 


that hESCs and early germ cells are equivalent cell types, as shown, that are distinct from 
cells of the ICM. Cells that are positive for expression of OCT4, STELLAR, NANOS and DAZL 
may contribute to both germ cell and somatic cell lineages. We hypothesize that with 
expression of later genes such as VASA or SCP3 cells are committed to the germ cell 
lineage. Details are based on published results (Clark et al., 2004a,b) 


(Tsang et al., 2001). Moreover, embryonic germ (EG) cell lines, derived from 
human PGCs in the gonadal ridge, share characteristics with ESC lines. Just as ESC 
lines, EG lines are pluripotent, able to self-renew and form EBs containing all 
major somatic lineages (Onyango et al., 2002; Shamblott et al., 1998, 2001). These 
observations suggest that even when PGCs are in the gonad of developing humans, 
their potential may not yet restricted to the germ cell lineage alone. Clearly under 
conditions of culture, they can form germ cells or somatic cells. 


12.4 Summary 


The ability to differentiate human ESCs to the germ cell lineage will ultimately 
allow the production of eggs and sperm, in vitro. This has both scientific and prac- 
tical implications. On the basic side, for the first time, there may be the potential to 
develop a rigorous human genetic system that can be manipulated for investiga- 
tion of specific genes implicated in germ cell development, such as those described 
above. In addition, from a practical point of view, the ability to produce eggs in 
vitro will allow reprogramming of nuclear DNA for somatic cell nuclear transfer 
(SCNT) without the need to obtain oocytes directly from women. Thus, there is a 
need to further explore the potential of hESCs in establishing germ cells. 
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